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Epidermal  growth  factor  receptor,  the  primary  member  of  the  tyrosine  kinase 
family  of  signaling  cell  surface  receptors,  and  asparagine  synthetase,  the  eukaryotic 
enzyme  responsible  for  the  synthesis  of  asparagine  from  ATP,  glutamine  and  aspartate, 
have  been  the  focus  of  intense  structural,  mechanistic  and  inhibitory  studies,  as  they 
represent  two  molecular  targets  for  anti-cancer  drug  discovery.  Human  asparagine 
synthetase  and  five  of  its  mutants  were  cloned  and  expressed  in  a baculovirus  expression 
system  under  the  control  of  the  very  late  polyhedrin  promoter.  The  recombinant  proteins 
fijsed  to  a C-terminal  histidine  tag  were  purified  to  homogeneity  in  a single-step, 
nickel-chelation  chromatography  and  the  apparent  affinity  constants  were  determined. 
The  wild-type  asparagine  synthetase  was  properly  processed,  os  N-terminus  sequence 

enzyme  had  both  glutaminase  and  glutamine-dependent  asparagine  synthetase  activities. 


position  Arg-339 1 


to  alanine  or  lysine  completely  eliminated  the  synthetase  activity,  while 
preserving  the  ability  to  hydrolyze  glutamine.  A possible  thermolobile  mutant, 
Lys413-Phe,  showed  no  activity  even  at  lower  temperatures.  The  glutaminase  and 
glutamine-dependent  asparagine  synthetase  activities  required  chloride  ions,  which  could 

the  synthetase  activity,  but  did  not  interfere  with  the  glutaminase  activity  of  the 
recombinant  enzyme. 

The  extracellular  domain  of  epidermal  growth  factor  receptor  was  expressed  in 
insect  cells  with  a baculovirus  secretion  system  and  purilied  from  the  serum-free  medium 
based  on  a C-terminal  histidine  tag.  The  domain  was  biotinylated  and  used  as  a target  to 
select  12-residue  peptides  displayed  on  bacteriophage  from  a 1.9  x 109-mcmber  library. 
After  three  rounds  of  affinity  selection,  binding  phage  were  purified  and  clones  were 
analyzed  to  identify  the  sequences  of  selected  peptides.  Analysis  of  the  amino-acid 
sequences  of  selected  peptides  showed  a high  content  of  histidine  residues,  indicating  that 
selection  was  directed  against  Ni'+  ions  that  are  possibly  contaminating  the  target  by 
binding  to  the  C-terminal  tag.  Two  peptides  were  synthesized  and  evaluated.  While  both 
peptides  were  able  to  displace  TGFo  bound  to  the  epidermal  growth  factor  receptor,  only 


the  peptide  with  no  histidines  I 


CHAPTER  I 

ASPARAGINE  SYNTHETASE 
L-Asparaginasc  in  Cancer  Treatment 

The  association  of  L-asparginc  and  cancer  began  with  the  observation  made  in 
1 953  that  guinea  pig  serum  has  therapeutic  effects  against  certain  lymphomas  of  mouse 
and  rat  (1.2),  The  antitumor  properties  of  the  guinea  pig  serum  were  shown  to  be  due  to 
its  L-asparaginase  activity  (3-5).  L-Asparaginascs  from  Escherichia  coli  and  other 
bacteria  were  also  effective  against  lymphomas  by  causing  a profound  lowering  of  the 
level  of  free  asparagine  in  the  blood  and  tissues  of  treated  mice  (6-10).  L-Asparaginasc 
catalyses  the  hydrolysis  of  L-asparaginc  to  L-aspartate.  depleting  the  circulating 
asparagine  and  antagonizing  the  cellular  systems  that  undergo  rapid  protein  synthesis  (8). 

A wide  variety  of  human  cancers  have  been  treated  with  L-asparaginase,  but  acute 
lymphocytic  leukemia  (ALL ) appears  to  be  almost  uniquely  sensitive  (11.12).  Tumors  of 
lymphoid  origin  are  incapable  of  intracellular  asparagine  synthesis,  making  them 
sensitive  to  the  L-asparaginase  treatment  When  Escherichia  coli  L-asparaginase  is  used 
as  a single  agent,  there  is  nearly  complete  remission  in  40  to  60%  of  ALL  cases  (13,14). 
More  importantly,  when  the  enzyme  is  administered  in  combination  with  drugs  such  as 
vincristine  and  prednisone,  complete  remission  is  observ  ed  in  95%  of  cases  of  untreated 
ALL  (15). 

In  an  interesting  and  apparently  poorly  investigated  observation,  T-cell  based 
immunosuppresion  is  often  seen  in  patients  who  are  undergoing  initial  treatment  with 
L-asparaginase  (16). 


Although  administration  of  L-asparaginasc  is  accepted  as  an  essential  component 
of  modem  therapy,  it  is  fraught  with  serious  side  effects  and  overwhelmed  by  the 
appearance  of  resistant  leukemias  ( 1 7.1 8).  The  clinical  utility  of  L-asparaginase  in  cancer 
therapy  is  limited  by  three  factors.  First,  most  neoplasms  can  synthesize  asparagine  and 
do  not  depend  on  an  exogenous  supply  (15).  Second,  even  in  those  neoplasms  that  arc 
initially  sensitive  to  I. ‘asparaginase,  selection  of  cell  lines  that  arc  asparagine 
independent  occurs  during  therapy  and  a large  number  of  patients  who  achieve  remission 
suffer  a relapse  with  resistant  cancerous  cells  (19-21  >.  Finally,  [.‘asparaginase  enhances 
the  growth  of  resistant  tumors  and  increases  their  metastatic  activity  (13.22),  Because 
L-asparaginasc  sensitivity  in  tumors  cannot  be  reliably  predicted,  the  major  use  of  this 
enzyme  remains  confined  to  the  treatment  of  ALL.  despite  estimates  that  5 to  10%  of  all 

There  is  a remarkable  correlation  between  the  requirement  for  external  asparagine 
and  the  susceptibility  of  leukemia  cells  to  L-asparaginasc  therapy  (18).  The  lymphoma 
cell  lines  that  respond  to  treatment  require  approximately  I0*5M  asparagine  for  optimal 
growth  in  tissue  cultures  (23-25).  while  resistant  tumors  were  shown  to  synthesize  and 
excrete  L-asparagine  into  the  medium  (17).  Resistant  cells,  whether  naturally  resistant  or 
selected  for  resistance  by  treatment  with  L-asparaginase.  respond  to  deprivation  of 
exogenous  asparagine  by  increasing  their  rate  of  asparagine  synthesis,  producing 
sufficient  amino  acid  for  normal  protein  synthesis  (8.17).  When  a human  lymphoma  cell 
line  highly  sensitive  to  L-asparaginase  was  made  resistant  to  cither  L-asparaginase  or 
asparagine  deprivation,  the  activity  of  asparagine  synthetase  increased  to  80  or  7 fold  of 
the  wild-type,  respectively  (26). 


Role  of  Asparagine  Synthetase  in  L-Asparaginase  Resistant  Tumors 


The  molecular  basis  of  L-asparaginasc  resistance  is  poorly  understood  and  remains 
the  major  clinical  problem  in  treating  relapsed  patients  (27.28).  The  phenomenon  appears 
to  be  related  to  alterations  in  Asparagine  Synthetase  (AS)  gene  expression  (21 .29).  which 
is  controlled  at  both  the  transcriptional  and  translational  levels  in  mammalian  cells  (30- 
34).  and  also  appears  to  be  induced  by  activation  of  the  unfolded  protein  response  and 
amino  acid  response  pathways  (35.36). 

A number  of  investigations  into  the  correlation  between  I. -asparaginase  resistance 
and  AS  gene  amphlicatioivmelhvlation  have  been  reported,  but  have  yielded  only 
indirect  support  for  this  hypothesis  (37-39).  Direct  evidence  showing  that  overexpression 
of  AS  is  sufficient  for  the  induction  of  L-asparaginasc  resistance  has.  however,  been 
acquired  in  a recent  series  of  elegant  in  vitro  studies  with  MOLT-4  human  leukemia  cells 
(29).  Thus,  it  was  shown  that  short-term  treatment  ( 1 2 h)  of  drug-sensitive  leukemia  cells 
with  L-asparaginasc  caused  elevated  AS  expression,  at  least  as  judged  by  mRNA  levels. 
Having  demonstrated  this  correlation,  it  was  shown  that  the  elevated  AS  activity  could  be 
mimicked  by  transformation  of  drug-sensitive  MOLT-4  cells  using  a retrovirus 
containing  the  AS  gene  under  a constitutive!)'  active  promoter.  The  consequent 
overexpression  of  the  AS  gene  in  the  transformed  cells  was  sufficient  to  induce  the 
cellular.  L-asparaginasc  resistant  phenotypes  obtained  by  exposure  of  untransformed 
MOLT-4  cells  to  L-asparaginase.  The  molecular  role  of  AS  in  inducing  drug  resistance 
remains  to  be  elucidated,  however.  Thus,  it  is  not  yet  completely  clear  whether  the 
resistant  phenotype  arises  as  a result  of  increased  levels  of  asparagine  biosynthesis  or  is 
caused  by  participation  of  AS  in  signaling  pathways  that  modulate  cell  growth  and/or 
transformation.  Leukemia  cells  transformed  to  become  L-asparaginasc  resistant  use  a set 


of  adaptive  mechanisms  10  reduce  the  amino  acid  efflux  and  to  increase  the  uptake  and 
synthesis  of  L-glutamine.  the  nitrogen-providing  substrate  for  the  AS  catalyzed  reaction 
(40). 


from  Gi  to  S-phasc  in  the  cell  cycle  (41-43).  indicating  that  expression  of  litis  enzyme 
may  be  closely  related  to  cell  differentiation  and.  in  some  cases,  to  oncogenesis 


On  the  basis  of  the  studies  outlined  above,  potent,  specific  inhibitors  of  human  AS 
have  significant  potential  both  as  agents  for  treating  cancers  and  as  tools  for  investigating 
the  cellular  basis  of  resistance  to  I.-asparaginasc  treatment.  Despite  the  effort  that  has 
been  devoted  to  obtaining  compounds  that  can  inhibit  AS.  extensive  screening  studies 
using  hundreds  of  analogs  of  aspartic  acid,  glutamine,  and  ATP  have  failed  to  yield  any 
specific  AS  inhibitors  (46-49). 

The  several  glutamine  analogs  capable  of  covalent  attachment  to  the  enzyme  that 
have  been  described  possess  little  selectivity,  modifying  all  cellular  glutamine-dependent 
amidotransferases  (50).  5-Diazo-4-oxo-L-norvalinc  (DON),  a diazoketo  analogue  of 
L-aspnragine  and  alkvlator  of  L-asparaginasc,  and  5-chloro-4-oxo-l.-norvaiinc  (CON V) 
at  a concentration  of  I mM  almost  completely  inhibited  the  utilization  in  vitro  of 
L-glutamine  by  AS.  but  did  not  affect  the  utilization  of  ammonium.  Dithiothreitol 
prevented  the  inhibition,  suggesting  that  endogenous  sulfhydryl  compounds  are  possibly 
responsible  for  the  ineffectiveness  of  these  substances  in  vivo  (5 1 ).  Elhacrynic  acid  has 
been  shown  to  inhibit  the  AS  activity  from  L-asparaginasc  resistant  leukemia  cells 


through  the  formation  of  an  adduct  with  the  sulfhydryl  functions  on  the  enzyme  (52).  The 


asparagine  analog  that  most  effectively  inhibits  AS.  P-asparty!  methylamide.  was 
competitive  with  both  glutamine  <K,=  2-  I0J  M)  and  ammonia,  but  only  managed  to 
increase  the  life  span  from  31  to  79%  when  administered  to  mice  bearing  various 
L-asparginase  resistant  tumors  (53). 

Given  recent  success  in  the  discovery  of  drugs  based  upon  transition  state  analogs 
(54).  elucidation  of  the  mechanistic  details  underlying  the  AS  reaction  mechanism  may 
prove  an  alternate  approach  to  obtaining  potent  AS  inhibitors. 


Two  families  of  AS  have  been  described  that  do  not  exhibit  sequence  or  structural 
homology  (55.56).  The  first  enzyme  family,  which  seems  to  be  present  only  in 
prokaryotes,  can  only  use  ammonia  as  a nitrogen  source  and  appears  evolutionary'  related 
to  aminoacyi  tRNA  synthetases  on  the  basis  of  sequence  comparison  (57)  and 
three-dimensional  structure  (58).  The  AS  encoded  by  the  am. I gene  of  Escherichia  coli 
(AS-A)  is  a representative  member  of  this  family  (59-61 ). 

Human  AS  (62)  and  Escherichia  coli  AS-B  (63 ).  however,  are  members  of  the 
second  class,  the  glutamine-dependent  asparagine  synthetases,  which  are  present  in  both 
eukaryotes  and  prokaryotes.  These  enzymes  catalyze  the  biosynthesis  of  L-asparagine 
from  L-aspanatc  in  an  ATP-dcpendcnt  reaction  for  which  L-glutaminc  is  the  nitrogen 
source  under  physiological  conditions  (Figure  1-1 ) (55). 

Glutamine-dependent  AS  has  been  cloned  or  isolated  from  a number  of  organisms 
including  yeast  (64.65).  various  plants  (66-72).  bacteria  (63.73-76).  archacbacteria 
(77-79).  parasites  (80.81 ).  and  mammals  (44.82-89).  The  detailed  kinetic  and  structural 
characterization  of  asparagine  synthetases  from  mammalian  sources  (44.83.86)  has 


Reaction  (2)  NH,  - Asp  * 

Reaction  (3)  Gin  - Asp  + 


glutamine  fructose-6-phi 

synthase  (106-1081. 


t (GFAT)  (104.105).  and  glutamine 


Access  to  the  bacterial  form  of  the  enzyme  and  to  a system  that  allowed  the 
expression  of  large  amounts  of  highly  pure,  recombinant  protein  (99)  was  essential  for 
obtaining  a high-resolution  crystal  structure  of  the  ternary'  complex  between  glutamine. 
AMP.  and  the  C1A/AS-B  mutant  (98).  The  lack  of  glutamine-dependent  activity  in  the 
C1A/AS-B  mutant,  and  the  observation  that  glutamine  binds  to  this  variant  with  a Kn  of 
approximately  6 pM.  were  also  essential  elements  in  allowing  crystallization  of  the 
enzyme  in  an  active  contonnation. 

characterization  of  bovine  AS  using  monoclonal  antibodies  (91).  the  enzyme  is  composed 
of  two  distinct  domains.  Comparison  of  the  crystal  structures  ofGPATasc(  1 10-1 14); 
GFAT  ( 1 1 S-l  1 9):  and  glutamate  synthase  ( 1 08. 1 20)  shows  that  all  Ntn  amidotransfcrascs 
possess  a homologous  N-tcrminal  catalytic  domain,  constructed  from  two  layers  of 
six-stranded,  anti-parallel.  |l-shcei.  that  mediates  the  hydrolysis  of  glutamine  to  yield 


glutamate  and  ammonia  (98).  This  domain  is  observed  in  members  of  an  enzyme 
superfamilv  ( 121-123)  termed  Ntn  hydrolases  (124-126).  which  perform  a number  of 
biologically  important  transformations  ( 1 27-133).  In  the  N'-tcrminal  domain  of  AS. 
residues  that  position  glutamine  within  the  binding  pocket  include  Arg-49.  Asn-74. 
Glu-76  and  Asp-98,  consistent  with  recent  studies  on  site-directed  AS-B  mutants. 

Another  interesting  aspect  of  the  Cl  A/GIn/ AMP  structure  was  the  observation  that 
the  C-terminal  domain,  responsible  for  catalyzing  the  formation  and  breakdown  of 
P-aspartyl-AMP  (Figure  I -I ) to  yield  asparagine  (98).  was  found  to  be  structurally 


8 

homologous  10  guanosine-5'-monophosphatc  synthetase  (GMPS)  ( 1 34)  rather  than  to 
either  the  ammonia-dependent  asparagine  synthetases  (AS-A)  that  are  found  in  bacteria 
(58-61 ) or  to  the  C-tcrmina!  domain  of  GPATase  (110-114).  This  is  consistent  with  the 
functional  properties  of  both  AS-B  and  GMPS  in  that  catalysis  leads  to  the  formation  of 
PP,  from  ATP.  placing  them  in  the  family  of  ATP  pyrophosphatases  (135.136).  Thus, 
bioinformatic  analysis  has  suggested  that  the  motif  SGGXCS  is  present  in  all  enzymes 
that  convert  ATP  to  AMP  and  PP,  in  carrying  out  their  particular  chemical  transformation 
(135).  This  conserved  "pyrophosphatase  loop”  motif  is  not  only  observed  in  AS  and 
GMPS  (136-139).  but  also  in  argininosuccinate  synthetase  (140-142)  and  ATP 
sulfurylase  (143-145).  The  AMP  moiety  in  the  Cl  A/GIn/AMP  complex  is  anchored  to 
the  protein  via  hydrogen  bonds  with  O of  Ser-346  and  the  backbone  carbonyl  and  amide 
groups  of  Val-272.  Leu-232  and  Gly-347.  Superimposition  of  the  C-termina!  domain 
structures  of  AS-B  and  GMPS  did.  however,  reveal  altered  nucleotide  binding.  Thus, 
although  the  pyrophosphate-binding  loop  regions  (PP-loops)  of  the  two  enzymes 
(Ser-234  to  Ser-240  in  AS-B  and  Ser-235  to  Ser-241  in  GMPS)  arc  virtually  identical  in 
sequence,  these  loops  have  significantly  different  structures  (98.1 34).  Presumably  this 
rcllccis  the  fact  that  different  substituents  arc  bound  in  this  region  of  the  proteins  (/.*.*., 
uranyl  ions  in  AS-B  and  PP,  in  GMPS).  and  aspartate  is  absent  from  the  synthetase  active 
site  in  AS-B. 

The  glutnminasc  and  synthetase  active  sites  in  the  Cl  A/GIn/AMP  structure  arc 
separated  by  about  19  A and  arc  connected  by  a molecular  channel  that  can  be  visualized 
using  the  GRASP  software  package  (Figure  1-2)  (146).  The  side  chain  of  Arg-30  appears 
hydrogen  bonded  to  the  carboxamide  groups  of  Asn-74  (N-terminal  domain)  and 


Asn-389  (C-terminal  domain),  a series  of  inleracrions  dial  might  represent  a vestigial 
pathway  for  mediating  communication  between  the  two  active  sites  of  the  enzyme. 

Unfortunately  for  die  efforts  to  use  rational  approaches  in  the  discovery  of  potent, 
selective  AS  inhibitors,  disorder  in  the  C-terminal  domain  of  the  Cl  A/Gln/AMP  complex 
did  not  permit  the  observation  of  two  loop  regions  ( Ala-250  to  Leu-267  and  Cys-422  to 
Ala-426),  and  the  final  forty  residues  of  the  enzyme. 

Insight  into  the  structure  of  the  AS  synthetase  site  during  turnover,  and  the 
potential  role  of  residues  involved  in  aspartate  activation  and  ammonia  addition  has  been 
provided,  however,  by  showing  that  p-lactam  synthetase  (BLS)  ( 147.148).  a key  enzyme 
in  the  biosynthesis  of  the  secondary  metabolite  clavulanic  acid,  and  AS  have  likely 
evolved  from  a common  ancestor  ( 147.149).  There  is  a striking  similarity  in  the  chemical 
reactions  that  lead  to  asparagine  and  P-lactam  formation  in  the  two  enzymes,  in  that  both 
substrates  are  activated  as  their  AMP  derivatives,  and  the  carbonyl  group  is  attacked  by  a 
nitrogen  nucleophile  t Figure  1-3).  The  common  ancestry  of  the  two  enzymes  is  further 
highlighted  by  the  degree  of  similarity  observed  for  the  three-dimensional  structures  of 
AS  (98)  and  BLS  (150)  (Figure  1-4).  It  is  therefore  reasonable  to  assume  that  the  catalytic 
machinery  for  substrate  activation  by  adcnylation  is  conserved  in  both  enzymes,  and  this 
hypothesis  is  supported  by  the  fact  that  the  contiguous  segment  comprising  residues 
Ser-234  to  Ser-239  in  AS-B.  which  likely  mediates  the  pyrophosphatase  activity,  is  also 
present  in  the  BLS  active  site.  Alanine  scanning  mutagenesis  of  residues  Ser-234  to 
Ser-239  in  AS-B  support  this  hypothesis,  even  though  AMP  is  bound  to  this  loop  in  the 
Cl  A/Gln/AMP  crystal  structure  (98).  Furthermore,  recent  elegant  studies  have  provided  a 
scries  of  crystallographic  "snapshots”  of  BLS  at  various  steps  in  its  catalytic  cycle  (151). 


Catalytic  Mechanisms  of  the  Two  Active  Sites  in  Glutamine-Dependent  AS 

Glutamine-dependent  asparagine  synthesis  is  accomplished  by  using  ammonia  as  a 
common  intermediate  to  couple  two  “half  reactions"  that  are  carried  out  in  independent 
active  sites  within  the  enzyme.  Thus,  in  the  C-terminal  domain.  ATP  is  used  to  activate 
the  side  chain  carboxylate  of  aspartate  by  forming  P-aspartyl-AMP  (pAspAMP)  I and 
inorganic  pyrophosphate  <PP,)  (Figure  I -I ).  while  glutamine  is  hydrolyzed  to  glutamate 
and  ammonia  in  the  N-terminal  domain.  After  being  channeled  from  the  glutaminase  site 
along  an  intramolecular  tunnel,  the  reaction  of  ammonia  with  (lAspAMP  takes  place  in 
the  C-terminal.  synthetase  site  to  give  asparagine  and  AMP. 

The  essential  role  of  the  N-terminal  cysteine  residue  (Cys-I ) in  mediating  the 
glutamine-dependent  activities  is  consistent  with  the  hypothesis  that  this  domain 
catalyzes  amide  bond  cleavage  using  a similar  mechanism  to  thiol  proteinoses  ( 1 52).  such 
as  cathepsins(153).  papain  1 154)  and  caspascs(l55.l56).  in  such  a mechanism,  the 
amide  of  glutamine  initially  reacts  w ith  the  nucleophilic  thiolate  anion  of  Cys- 1 . forming 
a tetrahedral  intermediate  in  which  C-N  bond  cleavage  can  occur  after 
nitrogen-protonation  to  give  an  amine  and  an  acvl-thioenzyme  intermediate  1 1 54).  The 
formation  of  the  tetrahedral,  oxyanion  intermediate  implies  the  existence  of  an  oxyanion 
hole  in  the  glutaminase  active  site.  In  this  regard,  it  is  noticeable  that  all  Ntn 
amidotransferases  possess  a conserved  asparagine  residue  (Asn-74  in  AS-B)  that  defines 
an  oxyanion  hole  (157-1 59).  presumably  stabilizing  the  intermediate  in  a similar  manner 
to  the  Gin- 1 9 side  chain  of  the  cysteine  protease,  papain  ( 1 60- 1 63 1.  Support  for  this 
hypothesis  has  been  provided  by  mutagenesis  experiments  showing  that  catalytic  activity 
can  be  similarly  reengineered  in  the  two  enzymes  by  replacement  of  Asn-74  or  Glu-19 


059,161).  There  is  also  evidence  for  ihe  existence  of  an  acyl-thioenzyme  intermediate  in 
the  mechanism  of  AS-catalvzed  hydrolysis  (164, 165),  Subsequent  hydrolysis  of  this 
thioester  regenerates  the  thiolate  and  yields  glutamate.  In  thiol  proteases,  prolonation  of 
the  leaving  group  nitrogen  by  histidine  is  a key  step  in  facilitating  subsequent  C-N  bond 
cleavage  in  the  catalytic  mechanism  and  these  enzymes  therefore  possess  an  active  site 
Cys-His  dyad  ( 1 54).  In  papain,  for  example,  the  His-1 59  side  chain  is  specifically 
oriented  so  as  to  promote  breakdown  of  the  initial  tetrahedral  intermediate,  and  to 
stabilize  the  thiolate  of  Cys-25  ( 166).  Site-specific  GPATase  mutants  initially  supported 
the  idea  that  His-IOI  in  the  GAT-domain  played  a role  in  catalyzing  Gin  hydrolysis 
(167).  a conclusion  that  was  supported  by  chemical  modiiication  studies  on  GFAT  using 
diethylpyrocarbonale  (168).  The  crystal  structures  of  homologous  glutaminase  domains 
in  Ntn  amidolransfcrascs  (98.1 13.1 19.120).  however,  provide  no  evidence  for  the 
existence  ofa  Cys-His  dyad  equivalent  to  that  observed  in  thiol  proteinases  (154).  Also, 
identification  of  an  important  histidine  residue  using  an  extensive  series  of  site-directed 
AS-B  mutants  has  failed  (99).  It  has  been  proposed  (hat  protonation  of  the  leaving  group 
before  C-N  bond  cleavage  and  thioester  formation  is  carried  out  by  the  N-temtinal  amino 
group  functioning  as  a general  acid/basc  catalyst.  This  hypothesis  is  also  supported  by  the 
demonstration  that  the  amino  group  of  the  N-terminal  proline  in  4-oxalocrotonate 
tautomcrasc  is  catalytically  active  os  a general  acid  base,  having  a pKa  of  6. 4=0. 2 as 
determined  by  l!N  NMR  measurements  (169),  On  the  other  hand,  experimental  efforts  to 
investigate  the  catalytic  role  of  the  N-terminal  amino  group  in  the  Ntn  amidotransferases. 
using  mutants  of  GPATase  (1 14)  and  GFAT  (116)  in  which  an  N-terminal  glycine 
residue  has  been  placed  in  the  sequence  in  front  of  the  catalytic  cysteine,  have  yielded 


13 


Figure  I -I.  Overall  transformation  catalyzed  by  glutamine-dependent  asparagine 
synthetase,  showing  the  P-aspartyl-AMP  intermediate  I . Ammonia  may 
replace  glutamine  as  a nitrogen  source  in  vitro . 


surface)  linking  the  glutaminasc  and  synthetase  active  sites  in  the  crystal 
structure  of  the  Cys-1  -Ala  mutant  of  Escherichia  coli  AS-B  completed  with 
glutamine  (top)  and  AMP  (bottom). 
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Figure  1 -3.  Comparison  of  the  chemical  mechanisms  of  BLS  and  AS.  A)  CEA.  the 
substrate  for  BLS.  is  activated  as  its  acyl-AMP  derivative,  which  then 
undergoes  intramolecular  nitrogen  attack  to  give  the  p-lactam  product. 

B)  Aspartate  is  activated  as  an  analogous  AMP  derivative  that  then  undergoes 
tntcrmolecular  nitrogen  attack  to  yield  asparagine. 


16 


Figure  1-4.  Cartoon  representations  of  X-ray  crystal  structures.  A)  BLS  completed  to  its 
substrate  (CPK-colored  space-filling  model)  and  AMPCPP  (green 
space-filling  model)  in  the  C-terminal  domain  (150).  B)  Escherichia  coli 
AS-B  complcxcd  with  glutamine  (not  shown)  and  AMP  (green  space-filling 
model)  (98).  The  striking  structural  conservation  in  both  enzymes  suggest  that 
they  shared  a common  ancestor,  or  perhaps  that  AS  was  recruited  to  provide 
BLS  during  the  evolution  of  secondary  metabolism  (clavulanic  acid 
biosynthesis).  In  both  structures,  helices  and  p-slrands  arc  shown  in  yellow 
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Figure  1-5.  Hypothetical  mechanism  for  the  AS-calalyzed  formation  of  pAspAMP  1,  via 
the  pema-coordinate  intermediate  3.  and  the  subsequent  reaction  of  ammonia 
with  1 to  yield  asparagine  and  AMP. 


CHAPTER  2 

EPIDERMAL  GROWTH  FACTOR  RECEPTOR 
Growth  Factors  and  Cancer 

Multicellular  organisms  have  highly  coordinated  mechanisms  for  controlling 
cellular  interactions.  I hese  complex  signaling  and  communication  systems  that  normally 
mediate  vital  cell  functions  like  growih.  differentiation,  migration,  and  wound  healing, 
can  be  subverted  and  lead  to  cancers.  Malignant  cells  arise  from  a stepwise  progression 
of  genetic  events  that  include  the  unregulated  expression  of  growth  factors  or  components 
of  their  signaling  pathways.  Growih  factors  act  as  cell  modulators  by  interacting  with 
their  specific  membrane  receptors  and  triggering  cascades  of  biochemical  signals  that 
result  in  the  activation  or  repression  of  various  genes.  One  group  of  growih  factors,  that 
includes  neuregulins  and  epidermal  growih  factor  (EGF)-like  proteins,  stimulates  cells  to 
divide  by  activating  members  of  the  EGF  receptor  t EGFR)  family.  While 
growih-factor-induced  F.GFR  signalling  is  essential  for  many  normal  morphogcnic 


members  of  this  receptor  family  has  been  shown  to  play  a key  role  in  the  development 
and  growih  of  tumour  cells  1 1 73), 

The  earliest  evidence  for  the  involvement  of  growih  factors  in  cancer  came  with  the 
observation  that  neoplastic  cells  need  decreased  amounts  of  serum  and  growih  factors  for 
proliferation  in  cultures  (174-1 76).  Loss  of  requirement  for  growih  factors  is  a common 
occurence  in  many  types  of  cancer  cells  (177.178)  and  could  be  mediated  by  the 
autocrine  secretion  of  growih  factors,  expression  of  an  altered  growih  factor  receptor  that 


is  constitutive!)1  active,  or  activation  of  a postrcceptor  pathway  that  bypasses  the  growth 
factor  receptor  requirement. 

More  convincing  evidence  linking  growth  factors  and  cancer  emerged  when 
oncogene  products  were  found  to  be  similar  to  growth  factor  receptors,  both  having 
transmebrane  and  tyrosine  kinase  domains  1 179),  Growth  factors  increase  transcription  of 
proto-oncogcnes.  like  myc  and  lbs  ( 1 80-1  S3),  which  suggests  that  oncogene  products  may 
be  involved  in  the  growth-factor-receptor  response  pathway  and  indicates  points  where 
alterations  mav  occur,  leading  to  the  dev  elopment  of  neoplastic  transformations. 

Transfection  of  normal  hematopoietic  cells  with  the  erhB  proto-oncogene,  whose 
product  is  the  EGFR.  has  produced  cells  that  have  a mitogenic  response  to  growth  factor 
treatment  (184).  This  indicates  that  for  this  type  of  cells,  other  than  the  EGFR  and  its 
activating  ligands,  ail  the  necessary  signaling  components  for  mitogenic  response  are 


kinase  activity 
growth-l'acior- 


nduced  receptor  oligomer 


Activation  of  Receptor  Tyrosine  Kinases 
Asa  result  of  over  20  years  of  intense  research,  the  mechanism  by  which  the 
growth  factor  binding  to  the  extracellular  domain  regulates  the  receptor's  intracellular 
,y  is  coming  to  light.  Extensive  evidence  has  proved  that 

on  ( 185)  is  responsible  for  the  activation  of 
h it  was  initially  believed  that  the  activated 
receptor  complex  involved  a single  ligand  molecule,  subsequent  studies  have  shown  that 
the  stoichiometry  of  dimerization  is  2:2 1 1 87. 1 88).  Studies  using  the  receptor's 
extracellular  domain  (EGFR-ED)  have  shown  that  this  fragment  retains  its  ligand  binding 
and  dimerization  properties  1 1 89. 1 90).  Growth  factor  induced  receptor  dimerization  is 
followed  by  intermolecular  transphosphorylation  of  key  tyrosine  residues  in  the 


receptor  tyrosine  kinase  1 186).  Although 


activation  loop  ot' the  catalytic  protein  tyrosine  kinase  domain  (191).  Upon  tyrosine 
phosphorylation,  the  activation  loop  is  rearranging  from  a close  conilguration  that 
prevents  the  access  of  ATP  to  an  open  conilguration  that  enables  the  access  of  substrates, 
thus  switching  on  the  kinase  activity  (192).  The  activation  of  the  cytoplasmic  kinase 


of  substrates  that  are  recruited  through  their  SH2  and  PTB  subunits  (193). 


The  epidermal  growth  factor  receptor,  or  erb  Bl . was  the  first  receptor  tyrosine 
kinase  to  be  discovered  (194)  and  is  prototypical  for  the  erb  B tyrosine  kinase  family  of 
receptors,  which  is  comprised  of  four  homologous  members  (195-197).  The  basic 
organizational  motif  of  these  tntnsmembrane  protein  receptors  is  identical  and  includes  a 
single  hydrophobic,  membrane-anchor  sequence  that  separates  an  extracellular, 
ligand-binding  domain  from  a cytoplasmic  domain  with  a tyrosine  kinase  activity 
(194.198.199).  The  mature  EGFR  has  a molecular  mass  of  about  1 70  kDa  and  is 


composed  of  a single  polypeptide  chain  of  1 1 86  amino  acid  residues,  with  a substantial 
amount  of  N-linked  oligosaccharide  (approximately  40  kDa). 

Extracellular  Domain 

The  623-residue  EGFR-ED  is  characterized  by  its  capacity  to  bind  EGF  and 
EGF-like  ligands  with  high  affinity.  This  portion  of  the  receptor  contains  about  10 
N-linked  oligosaccharide  chains  (200.201 ) and  is  composed  of  four  subdomains  LI.  CRI. 
L2.  and  CR2  (202.203).  also  referred  as  domains  I to  IV  (204).  Domains  II  and  IV  have 
an  unusually  high  content  of  cysteine  residues  that  give  rise  to  as  many  as  25  disulfide 
bonds  (205).  The  N-terminus  has  a significant  homology  with  the  C-terminal  region  of 


the  extracellular  domain,  suggesting  a symmetrical  structure.  Affinity  labelling 


experiments  have  pointed  to  the  region  between  the  two  cysteine-rich  clusters  us  involved 
in  ligand  binding  (204)  and  it  was  proposed  that  domains  I and  III  form  the  binding 
region,  while  other  parts  of  the  EGFR-ED  mediate  receptor  dimerization  (206).  Studies 
with  truncated  EGFR-ED  showed  that  a domain  III  fragment,  isolated  by  limited 
proteolysis,  preserves  some  of  the  binding  capacity  for  TGFa  (207).  while  a 501  -residue 
EGFR-ED  that  is  missing  the  cvsteine-rich  domain  IV.  binds  the  human  EGF  or  TGFa 
with  13-  to  14-fold  higher  alTtnitv  (20S). 

Two  recently  described  crystal  structures  of  TGFa/EGFR-ED  and  EGF/EGFR-ED 
complexes  revealed  the  molecular  basis  for  ligand  binding  and  receptor  dimerization.  The 
full-length  EGFR-ED  and  the  extracellular  domain  missing  subunit  IV  were  expressed  in 
Chinese  hamster  ovary  Lee 8 cells,  purified,  deglycosylaicd.  and  crystallized  with  human 
EGF  (209)  and  TGFa.  respectively  (210).  The  protein  phases  were  determined  by  the 
muliiwavclcngth  anomalous  dispersion  method,  using  selenomethionine-lnbelcd 
EGFR-ED.  Since  most  of  domain  IV.  which  connects  the  extracellular  domain  to  the 
transmembrane  region  in  the  native  EGFR.  is  disordered  in  the  EGF/EGFR-ED  complex, 
this  structure  contains  the  same  region  as  seen  in  the  deletion  mutant  lacking  domain  IV 
that  was  crystallized  with  TGFa. 

Both  structures  provide  a very  similar  view  of  a 2:2  receptonligand  complex 
(Figure  2-1).  Eeach  ligand  molecule  is  bound  exclusively  to  a single  EGFR  molecule,  and 
dimerization  is  mediated  entirely  by  receptor-receptor  interactions.  EGF  and  TGFa  make 
similar  interactions  with  large  ()  sheets  of  the  receptor  domains  I and  111.  The  B loop  of 
EGF  interacts  with  domain  I while  residues  from  the  A loop  and  from  the  C-terminal 
region  of  EGF  interact  with  domain  III.  More  than  a third  of  the  ligand's  accessible 


surface  area  is  buried  between  the  tw  o domains,  and  over  60%  of  the  ligand's  residues 
make  contact  with  the  receptor.  The  structure  of  ligands  in  the  receptor  bound  complexes 
is  very  similar  to  that  of  the  free  ligands  (211).  The  assignment  of  the  EGF  and  TGFa 
binding  domains  in  the  two  structures  is  consistent  with  previous  mutagenesis  and 
chemical  crosslinking  results. 

Receptor  dimerization  is  mediated  by  a loop  in  the  cysteine-rich  domain  II.  which 
makes  homophilic  interactions  with  a specific  region  in  domain  II  of  the  adjoining 
receptor.  This  model  is  supported  by  sequence  conservation  at  the  dimer  interface 
throughout  the  EGFR  family  and  by  mutagenesis  experiments  showing  that  point 
mutations  in  key  residues  or  deletion  of  the  dimerization  loop  prevent  EGF-induced 
signaling  via  EGFR  (209.210).  It  is  probable  that  the  dimerization  loop  in  the  unoccupied 
receptor  adopts  a conformation  that  docs  not  facilitate  receptor-receptor  interactions.  The 
conformation  ol  this  dimerization  loop  from  domain  II  is  coupled  to  ligand  binding  in  the 
cleft  between  domains  I and  III.  The  structure  is  consistent  with  a receptor-mediated 
dimerization  mechanism  (189)  and  suggests  that  ligand  binding  to  EGFR  induces  a 
conformational  change  that  exposes  a receptor-receptor  interaction  site  on  the  opposite 
face  of  the  molecule,  resulting  in  dimerization  of  two  EGFR  monomers  only  when 
occupied  by  the  ligand.  In  this  "back-to-back"  dimmer,  the  two  ligands  are  located  on 
opposite  sides  of  the  complex,  more  than  70  A apart. 

The  transmembrane  spanning  domain  is  made  of  a stretch  of  26  hydrophobic  amino 
acids  and  forms  a single  a-helix  that  apparently  extends  for  other  eight  residues  inside 


t cytoplasm  (212). 


Intracellular  Domain 


The  542  amino  acid  ectoplasmic  domain  consists  of  a 50-residue  juxtamenibranc 
segment  involved  in  ATP  binding  and  feedback  activity  attenuation,  a tyrosine  kinase 
domain,  and  a 229  amino  acid  carboxy-terminal  tail  that  includes  autophosphorylation 
motifs,  internalization  motifs,  and  sites  for  proteolytic  activation  or  degradation.  Five 
tyrosine  residues  near  the  carboxyl  terminus  of  the  HGFR  were  identified  as  substrates 
tor  EGF-dependeni  aulophosphorvlalion  i _ I 3.214).  These  COOH-tcrminal  tyrosines 
define  an  nutoinhibitory  region  that  con  be  relieved  by  autophosphorylation  or  truncation 
(215.216).  The  tyrosine  kinase  domain  shows  remarkable  sequence  conservation  among 
the  growth  factor  receptors  and  is  similar  to  a substantial  number  of  oncogene  products. 

The  tyrosine  kinase  activity  has  a central  role  in  cellular  regulation,  as  it  triggers 
numerous  downstream  signaling  pathways.  The  activated  EGFR  was  shown  to  be  able  to 
phosphorylate  many  substrates,  such  as  erb  B2:  phospholipid-directed  enzymes  PI3 
kinase.  PLD  and  PLC-y;  proto-oncogene  cytoplasmic  tyrosine  kinases  src.  raf.  ras  and 
various  other  MAP  kinases:  small  GTPases  such  as  rlto  and  rac:  multiple  signal 
transducer  and  activator  of  transcription  isotorms. 

The  formation  of  ligand-receptor  complexes  on  the  cell  surface  is  followed  by  rapid 
n n n n I degradation  of  ligand  and  receptor  (217.218).  A short  segment  of  the 
EGFR  (residues  973  to  991 ) has  been  identified  as  responsible  for  mediating  the 
internalization  of  EGFR  complexes  (219). 

Structure  of  Epidermal  Growth  Factor  and  Transforming  Grow  th  Factor  a 
All  known  ligands  for  the  receptor  tyrosine  kinase  family  contain  an  EGF  like 
motif.  Depending  on  their  receptor  specificity,  these  ligands  con  be  divided  into  three 


classes.  EGF  and  TGFa  belong  to  the  class  of  ligands  that  bind  EGFR.  together  with 
amphiregulin.  heparin-binding  EGF-like  growth  factor  and  a number  of  viraiiy  encoded 
factors.  These  peptides  are  essential  elements  of  the  signaling  and  communication 
systems  involved  in  growth,  differentiation  and  wound  healing. 

First  described  in  1962  (220).  the  EGF  was  shown  to  have  a stimulatory  effect  on 
epidermal  proliferation  (221 1 in  mice,  resulting  in  precocious  eyelid  opening  and 
accelerated  tooth  eruption.  The  abundance  of  EGF  in  male  mouse  submaxillary  glands 
facilitated  its  purification  (220)  and  the  amino  acid  sequence  determination  (222). 
including  the  location  of  disulfide  bonds  (222.223).  The  human  EGF  was  isolated  from 
urine  (224)  and  its  structure  was  determined  (225). 

TGFa  was  detected  in  1 976  together  with  TGFp.  as  the  two  components  secreted 
by  reirovirully  transformed  murine  fibroblast  cells  (226).  It  was  isolated  and  sequenced  a 
few  years  later  (227.228). 

Human  EGF  and  TGFa  are  small  proteins  of  53  and  50  residues,  respectively,  that 
have  been  expressed  and  purified  in  a number  of  systems.  Given  the  large  quantities  of 


recombinant,  wild  type  EGF  (229-231)  and  TGFa  (232-234)  that  ate  available,  the  high- 
resolution.  three-dimensional  structures  of  these  growth  factors  have  been  characterized 
in  aqueous  solution  using  NMR  measurements  (235.236).  In  common  with  other  ligands 
that  bind  to  the  EGFR.  the  conformation  of  EGF  and  TGFa  is  defined  by  three  disulfide 
bonds  that  are  formed  by  six  conserved  cysteine  residues.  Based  on  these  disulfide  bonds, 
the  protein  structure  can  be  divided  into  three  Loops,  designated  as  A.  B and  C.  The  native 
fold  is  essential  for  activity  since  disruption  of  any  disulfide  bond  using  site-directed 


nagenesis  results  in  biologically  inactive  proteins.  The  cysteine  motif  of  this  mitogen 


family  is  also  found  in  a much  larger  number  of  cell  surface  and  extracellular  proteins 
that,  while  not  ligands  of  EGFR.  have  important  properties  in  development,  cell  adhesion, 
and  protein-protein  interactions.  Although  the  attempts  to  synthesize  biologically  active 
peptides  corresponding  to  various  portions  of  the  EGF  or  TGFa  molecules  were  largely 
unsuccessful  (237).  it  has  been  possible  to  chemically  synthesize  the  entire  EGF  (238) 
and  TGFa  (239)  molecules  with  full  biological  activity. 

Epidermal  Growth  Factor  Receptor  Antagonists  and  Agonists 
As  an  essential  step  in  the  signaling  and  communication  mechanisms  involved  in 
cell  growth  and  differentiation,  the  binding  of  EGF  or  TGFa  to  EGFR  has  been  the  target 
of  intense  research  efforts.  Activation  of  EGFR  is  implicated  in  wound  healing 
(223.240.241 1 and  cancer  development  (242).  indicating  that  compounds  with  agonistic 
or  antagonistic  activity  would  be  effective  in  promoting  the  rate  at  which  wounds  heal  or 
in  cancer  treatment.  A number  of  different  tumor  cells  exhibit  elevated  levels  of  EGFR 
and  a synthetic  ligand  of  these  receptors  or  even  a native  growth  factor  coupled  to  a 
cytotoxic  agent  might  be  useful  to  specifically  target  these  cancers. 
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CHAPTER  3 

PROTEIN  EXPRESSION  IN  BACULOVIRUS 
Baculovirus  Expression  Systems 

The  baculovirus.  Aulographa  califormca.  nuclear  polyhedrosis  virus  ( AcNPV), 
provides  a eukaryotic  expression  system  that  is  conducive  to  the  proper  folding,  disulfide 
bond  formation  and  post-translational  modifications  required  for  the  biological  activity  of 
eukaryotic  proteins.  Post-translutional  modifications  of  the  gene  products  of  the  insect 
virus  closely  parallel  the  signal  peptide  cleavage,  glvcosylation.  fatty  acid  acylation,  and 
phosphorylation  in  mammalian  cells  (243). 

The  baculovirus  is  capable  of  infecting  a wide  range  of  insect  hosts,  such  as  alfalfa 
leaf  hopper,  army  worm,  cabbage  looper.  salt  marsh  caterpillar,  but  it  fails  to  infect 
mammalian  cells,  making  it  a safe  vector  for  laboratory  work. 

The  development  of  baculovirus  expression  systems  was  facilitated  by  the 
establishment  of  insect  cell  lines  and  retinemeni  of  the  growing  conditions  and  media. 
Most  expression  vectors  are  based  on  AcNPV  infection  of  the  fall  army  worm 
( Spodopierafrugiperda ) or  the  cabbage  looper  (Trichoptusia  nr)  derived  cell  lines. 

The  baculovirus  genome  contains  a number  of  non-essential  genes  that  can  be 
replaced  by  an  exogenous  coding  DNA.  Many  of  these  genes,  particularly  the  very  late 
ones,  are  under  the  control  of  powerful  promoters  that  allow  abundant  expression  of  the 
passenger  recombinant  gene. 

Most  baculovirus  expression  systems  moke  use  of  the  polyhei/rin  promoter.  The 
polyhedrin  gene  codes  for  a protein  that  serves  as  a matrix,  protecting  the  embedded  virus 


in  is  low.  mosi  of  iht 


replication,  the  proportion  of  recombinants  in  the  progeny  vi 
can  be  greatly  increased  by  using  linearized  baculovirus  DNA  (247),  Today's  most 
widely  used  viral  DNA  is  based  on  a recombinant  baculovirus  with  P-galactosidase 
cloned  at  the  polyhvdrin  locus  and  Hsu 36  I restriction  sites  introduced  in  the  llanking 
sequences,  upstream  the  promoter  and  downstream  the  transcription  terminator,  inside  the 
essential  gene  1629  (248).  Digestion  of  this  recombinant  virus  with  Hsu  36 1.  an  enzyme 


that  does  not  cleave  the  wild  type  viral  DNA.  yields  a linear,  defective  viral  DNA  that  is 
missing  the  C-tcrminus  of  the  essential  ORFI629  and  cannot  propagate.  Inside  the  cells, 
the  linear  viral  DNA  can  be  rescued  by  recombination  with  homologous  regions  in  the 
transfer  vector,  thereby  replacing  the  viral  sequence  flanking  the  cut  with  modified 
sequences  from  the  transfer  vector.  Recombination  on  both  sides  of  the  break,  within 
ORF603  (249)  upstream  and  ORF1629  downstream  the  polyhedrin  gene,  generates  a 
circular  DNA  that  regains  the  complete  gene  1629  and  is  competent  for  replication.  In 
this  process,  any  foreign  DNA  inserted  between  the  two  segments  of  viral  sequence  in  the 
transfer  vector  is  transferred  to  the  viral  genome.  Recombinant  plaques  can  be 
distinguished  visually  from  plaques  of  the  parental  virus.  Plaques  of  the  parental  virus 
will  produce  p-galactosidasc  and  stain  blue  with  X-gal.  whereas  recombinant  viruses,  in 
which  the  foreign  gene  from  the  transfer  vector  has  replaced  the  IttcZ  gene,  wilt  not 
produce  P-galactosidasc  and  will  make  white  plaques.  The  use  of  this  linearized 
baculovirus  DNA  produces  nearly  100%  recombinant  virus. 

Viruses  obtained  by  the  co-transfection  are  plated  out  to  give  individual  plaques, 
and  a few  putative  recombinant  plaques  are  picked  for  further  analysis.  The  viruses  in 
these  plaques  are  purified,  screened  for  the  presence  of  the  foreign  gene,  and  then  a larger 


slock  is  made  from  ihc  confirmed  recombinant  virus.  This  slock  is  used  10  determine  the 
optimal  times  and  conditions  for  protein  expression. 

To  express  the  target  protein,  the  insect  cells  arc  infected  with  the  recombinant 
baculovirus  bearing  the  gene  of  interest.  The  infected  cells  undergo  a burst  of  protein 
expression,  after  which  they  die  und  lyse.  The  very  late polyhedrin  promoter  becomes 
active  in  infected  insect  cells  during  the  tinal  stages  of  the  infection  cycle. 

Materials 

All  materials  and  reagents  not  specifically  listed  were  of  the  highest  available 
commercial  grade. 

Enzymes 

All  restriction  endonucleases  were  purchased  from  Promega  (Madison.  WI)  or  New 
England  Biolabs  Inc.  (Beverly.  MA)  and  used  according  to  manufacturer's  specifications. 
Proteinase  K was  from  Promega.  7V  DNA  ligase  was  obtained  from  Invilrogcn  Corp. 
(Carlsbad.  CA)  and  New  England  Biolabs  Inc.  Cloned  P/u  polymerase  was  from 
Strategene  (La  Jolla.  CA).  Tui/  DNA  polymerase  was  from  BD  Biosciences  Clonetech 
(Palo  Alto,  CA). 

The  QuickPrep  Micro  mRNA  Purification  Kit  and  the  First-Strand  cDNA  Synthesis 
Kit  used  to  extract  the  mRNA  and  make  the  complementary  cDNA  were  purchased  from 
Amcrsham  Bioscicnces  ( Piscaiaway,  NJ). 

All  oligonucleotide  primers  were  synthesized  by  GenoMechanix.  LLC 


(Gainesville.  FL). 


Methods 


Ligation  and  transformation  reactions 

Ligation  and  transformation  reactions  were  done  according  to  the  published 
procedures  (250).  The  only  deviation  from  published  procedure  was  done  according  to 
the  recommended  protocol  provided  by  the  manufacturer  regarding  the  particular 
bacterial  host  strain  and  commercial  source  of  7V  UNA  Ligasc. 

Bacterial  strains  and  vectors 

Escherichia  cnli  K-12  strain  Nova  Blue  obtained  from  Novagen  (Madison.  Wl) 
was  used  for  routine  cloning  experiments.  The  GM2929  strain  was  received  from  the 
Escherichia  cali  Genetic  Stock  Center  at  Yale  University  (New  Haven.  CT).  The  pCR2. 1 . 
p.MelBac  plasmids,  and  the  Bac-N-Blue  baculovirus  DNA  were  purchased  from 
Invitrogen.  Bac VectorSOOO  baculovirus  DNA  and  the  pBAC  I plasmid  were  from 
Novagen. 

Plasmid  DNA  preparations 

Commercially  available  kits  were  used  for  the  purification  of  DNA  fragments  and 
plasmids.  In  all  cases,  the  protocol  followed  was  based  on  the  manufacturers 
instructions.  DNA  plasmid  preparations  were  obtained  with  the  Wizard  Miniprcp  DNA 
Purification  System  from  Promega.  PCR  and  digestion  products  were  cleaned  up  with  the 
PCR  Purification  Kit  from  QIAGEN  (Valencia.  CA).  DNA  fragments  were  extracted  out 
of  low-melting-point  agarose  gels  with  QIAquick  Gel  Extraction  Kit  from  QIAGEN. 
Viral  DNA  preparations 

Viral  DNA  used  for  PCR  analysis  was  prepared  by  lysing  10  pL  of  high-titer 
virus  slock  with  I pL  Proteinase  K (6  mg/ml.)  and  lysis  buffer*  10  mM  Tris.  lOOpg/mL 
gelatin.  0.45%  Triton  X-100. 0.45%  Tween-20. 50  mM  KCI.  pH  8.3)  in  a 100  pL 


lo  keep  the  cell  density  between  2*10"  cells/mL.  and  6-  I0ft  cells  nil..  Cells  were  grown  in 


log  phase  and  at  more  than  90%  viability  tor  up  to  3 months,  after  which  new  cultures 


were  initiated  from  the  frozen  stock.  Every  4 weeks  or  before  starting  expression,  the 


cultures  were  refreshed  by  centrifuging  at  500  rpm  for  5 min  and  replacing  about  75%  of 


To  prepare  evenly  distributed  cell  monolayers,  the  required  amount  of  cells  was 
harvested  from  suspention  cultures,  diluted  with  fresh  medium,  seeded  at  the  proper 
density  (2.5  < 10"  cells  in  60  mm  dishes,  or  5 *'  1 0"  cells  in  100  mm  dishes),  and  allowed  to 
attach  for  30  min  at  room  temperature.  Once  attached,  cells  can  sustain  multiple  washes 
without  damaging  the  monolayer.  Cells  were  washed  twice  with  medium  without 
antibiotics  or  scrum  before  transfection.  The  cultures  were  grown  at  27°C  in  a humidified 
incubator. 


The  human  AS  encoding  cDNA.  a gift  from  Dr.  Killberg.  was  subcloncd  in  the 
transfer  vector  pCR2,l.  Human  AS  cDNA  was  PCR-ed  with  high  fidelity  Pfu  DNA 
polymerase  over  25  cycles,  using  a very  low  amount  of  template.  After  3 min  of 
preheating  at  94°C.  each  of  the  25  PCR  cycles  was  composed  of  denaturation.  45  sec  at 
94°C:  annealing.  45  sec  at  52°C:  and  synthesis.  4 min  at  72°C.  The  50-pL  PCR  mixture 
contained  10  pmol  of  each  primer,  various  amounts  of  template.  0.8  mM 
deoxynucleostde  triphosphate.  5 pL  I0X  reaction  buffer  (200  mM  Tris-HCl.  pH  8.8. 
lOOmM  KCI.  100  mM  (NHjfcSOj. 20  mM  MgSOj.  1%  Triton  X-100 and  Img/mL  BSA). 
and  3.0  U of  Pfu  DNA  polymerase. 


The  forward  primer  contained  a Slid  restriction  site  and  had  the  ATG  start  codon 
placed  in  an  environment  optimal  for  higher  protein-expression  levels  in  baculovims.  The 
reverse  primer  introduced  a c-myc  tag.  followed  by  an  A vul  restriction  site  ( Table  3- 1 ). 
The  DNA  band  corresponding  to  the  amplified  fragment  was  cut  out  of  a 1 .2% 
low-melting-point  agarose  gel  and  purified  with  QIAquick  Gel  Extraction  Kit. 

Single  3'  overhanging  A’s  were  added  to  the  human  AS  fragment  with  Tail  DNA 
polymerase  in  a 20  minute  reaction  at  70°C.  The  product  was  puritied  with  QIAquick 
PCR  Purification  Kit  and  ligated  in  linearized  pCR2.l  vector  with  3*-T  overhangs. 
Competent  £.  call  Nova  Blue  cells  were  transformed  and  recombinants  were  selected  by 
blue/white  colony  screening.  White  colonies  were  picked  and  the  presence  of  the  cloned 
human  AS  fragment  was  checked  by  PCR  w ith  T7  Promoter  and  T7  Terminator  primers. 
One  clone  was  selected  and  the  whole  human  AS  insert  was  sequenced. 

Cloning  of  human  asparagine  synthetase  in  pBAC-1 

The  pCR2.l/hAS  plasmid  was  simultaneously  digested  with  Aval  and  Slid,  and  the 
human  AS  fragment  was  purified  on  a 1 .2%  agarose  gel.  Since  Slid  restriction  site  in 
pBAC-1  is  sensitive  to  dan  methvlation.  unmethylated  pBAC-l  plasmid  was  prepared 
from  i/cm*  i tam~  £.  call  strain  GM2929.  The  unmethylated  pBAC-1  was  opened  by 
digesting  simultaneously  with  Aval  .mil  S/ul.  The  digestion  product  was  cleaned  up  on  a 
QIAquick  spin  column  and  eluted  with  50  pL  ll?0.  Tile  human  AS  fragment  was  ligated 
into  the  opened  pBAC-1  in  an  overnight  reaction  with  TV  DNA  ligase  tlnvitrogcn)  and 
the  product  was  used  to  transform  £.  call  Nova  Blue  cells.  A dozen  colonies  were  picked 
and  the  presence  of  the  cloned  human  AS  fragment  was  checked  by  PCR  with  primers 
flanking  the  cloning  site:  Polyhedrin  Forward  primer  and  Baculovims  Reverse  primer 


(invitrogcn).  One  clone  was  selected  and  sequenced  to  contlnn  that  the  human  AS  was 
in-frame  with  the  start  codon  and  that  no  mutations  had  been  introduced. 
Oliftonucleoudc-directed  in  vitro  mutagenesis 

The  site-directed  modilications  were  performed  in  the  pBACl/hAS  vector  using 
the  QuickChange  Site-Directed  Mutagenesis  Kit  (Stratagcne).  Complementing 
oliuonucieotide  primers  that  contain  the  mutation  flanked  by  correctly  annealing 
sequences  were  designed  and  the  entire  vector  was  copied  over  16  amplification  cycles  in 
a polymerase  chain  reaction  catalv/ed  by  2.S  U of  P/nTurho  (Stratagene).  The 
methylated,  unmutated  template  was  digested  with  Dpn  I and  the  product  used  to 
transform  XLI-Blue  £ coll  competent  cells  (Stratagene).  The  transformed  cells  were 
plated  on  LB  with  50  pg/mL  earbenicillin  and  incubated  overnight  at  37°C.  Next  day. 
twenty  colonies  were  picked  and  amplified  in  5 ml.  cultures.  Plasmid  DNA's  were 
purified  and  manually  sequenced  around  the  mutated  fragment.  One  clone  with  the 
correct  mutation  was  selected  and  sent  to  the  DNA  Sequencing  Facility  of  the 
Interdisciplinary  Center  for  Biotechnology  Research  lor  complete  sequencing  of  the 
entire  human  AS  insert. 

Transfection  of  insect  cells  and  preparation  of  human  asparagine  synthetase 
recombinant  baculovirus 

The  pBACl/hAS  plasmid  DNA  used  for  transfection  was  prepared  from  a 200 
mL  culture  of  transformed  Nava  Blue  £.  coli  cells  grown  overnight  in  Terrific  Broth. 
Plasmid  DNA  low  in  endotoxins  was  purified  by  CsCl  gradient  or  with  Novagen's 
UltraMobius  1000  Plasmid  Kit.  The  transfer  plasmid  was  co-lransfected  with  linearized 
virus  DNA  BacVectorSOOO  into  insect  cells  to  construct  the  recombinant  virus.  Working 
in  sterile  polystyrene  tubes.  100  ng  of  BacVector3000  DNA  was  mixed  with  900  ng 


temperature  tor  I hour  and  overlaid  wilh  10  mL  of  1%  baculovitus  agarose  in  Sf-900  II 
medium.  After  the  agarose  has  solidified.  5 mL  of  medium  with  antibiotics  were  added  to 
the  center  of  the  agarose  overlay.  The  dishes  were  incubated  at  27°C  for  4 days  or  until 
the  plaques  became  visible.  If  co-transfcction  by  direct  plaquing  gave  no  viral  plaques, 
the  medium  from  liquid  transfection  was  used  to  isolate  the  virus  in  a plaque  assay.  In 
this  case,  at  least  two  rounds  of  plaque  purification  were  performed. 

Small-scale  viral  stocks  were  prepared  from  purified,  well  isolated  plaques  by 
infecting  5 mL  cultures  of  2.5  ■ I 0°  SI')  cells  growing  in  25  cm'  flasks  with  0.3  mL  of 
plug-eluted  virus.  After  incubating  for  3 to  5 days  at  27BC.  the  medium  was  harvested 
and  1 mL  was  used  to  purify  viral  DNA.  The  presence  of  the  hAS  insert  was  confirmed 
by  TCR  analysis  of  the  viral  DNA  with  flanking  (Polyhedrin  Forward.  Baculovirus 
Reverse)  and  interior  (hASmiddle)  primers. 

Preparation  of  high-tiler  viral  stock 

One  recombinant  virus  was  selected  and  a high-tiler  viral  slock  was  made  by 
infecting  a 500  mL  culture  of  Sfi>  insect  cells  growing  in  suspention  with  I mL  of 
small-scale  viral  stock.  The  infected  culture  w as  incubated  at  27°C  with  constant  shaking 
and  the  cell  viability  was  monitored  by  removing  small  aliquots  and  counting  the  cells 
every  24  hours.  Alter  5 days,  more  than  00%  of  cells  were  dead  and  the  culture  was 
harvested.  Cells  were  separated  by  centrifugation  at  I000*g  for  20  minutes,  fetal  bovine 
serum  was  added  up  to  10%.  and  the  viral  stock  was  stored  at  4°C.  protected  from  light. 
The  viral  liter  was  determined  in  a plaque  assay  of  the  stock  diluted  10”.  lO’.and  10s 
fold.  Viral  DNA  was  prepared  from  100  mL  of  stock  and  the  whole  human  AS  DNA 


insert  was  sequenced. 


Time  course  of  human  asparagine  synthetase  expression 

A time  course  experiment  was  performed  to  determine  the  optimal  conditions  for 
recombinant  human  AS  expression.  Five  100  mL  cultures  of  SI')  cells  growing  in 
suspention  at  a density  of 3 ■ 1 0"  cells/mL  were  infeeted  with  recombinant  virus  at 
different  virus  to  cell  ratios  tmolecularity  of  infection  or  MOI):  I0'\  10'1. 1. 5.  and  10. 
The  cultures  were  monitored  by  counting  the  number  of  cells  and  collecting  10  mL 
samples  every'  1 2 hours  after  infection.  I larvestcd  cells  were  separated  by  centnlugation. 
medium  was  discarded,  and  pellets  were  stored  at  -SO  SC  until  all  samples  were  collected. 
All  pellets  were  identically  processed  by  adding  3 mL  of  lysis  buffer  (0.1  M EPPS.  10 
mM  imidazole.  I mM  DTT.  1%  Triton  X-100.  pH  8.0)  and  incubating  on  ice  for  1 hour. 
Cellular  debris  was  centrifuged  down  and  the  cleared  lysates  were  analyzed  by  Western 
blotting  and  pyrophosphate  detection  assay.  Since  the  recombinant  human  AS  has  two 
C-terminal  tags,  two  Western  blotting  experiments  were  performed,  with  anti-cmyc  and 
anti-HisTag  primary  antibodies. 

Because  the  pyrophosphate  assay  was  not  sensitive  enough  to  detect  AS  activity 
in  the  cell  lysate,  a purification  and  concentration  step  was  required.  5 pg  of  Ni-NTA 
agarose  (QIAGEN)  suspended  in  running  buffer (0.1  M EPPS.  10  mM  imidazole.  1 mM 
DTT.  pH  8.0)  was  added  over  the  cell  lysate  and  incubated  for  1 hour  at  room 
temperature  with  periodical  vortex.  The  mixture  was  transferred  to  a 0.45  pm  filtration 
column  (Millipore)  and  the  tlow-ihrough  was  drained  by  centrifugation  at  3000  rpm  for  1 
min.  After  washing  the  column  with  2 mL  of  running  buffer,  human  AS  was  eluted  by 
resuspending  the  resin  in  50  pL  elution  buffer  (0.1  M EPPS.  0,5  M imidazole,  I mM 


r.  pH  8.0)  and  incubating  I 


. The  elute  was  separated  by  centrifugation  at 


Western  blotting 

S19  cells  harvested  during  the  time  course  experiment  were  lysed  by  sonication  in 
SDS  sample  buffer,  clan  tied  by  centrifugation,  applied  to  1 2%  acrylamide  gels 
(acrylamidc/bis  weight  ratio.  29: 1 ).  and  subjected  to  electrophoresis  at  1 50  V for  I hour 
by  the  method  of  Lacmmli  (252).  following  SDS/PAGE.  proteins  were  transferred  to 
0.45  pm  PVDF  membranes  ( Immobilon-P.  Millipore)  by  clcciroblotting  at  200  mA  for  I 
hour.  The  membranes  were  incubated  for  I h at  room  temperature  in  phosphate-buffered 
saline  (PBS)  containing  1%  GG-free  horse  serum  (Gibco)  to  block  nonspecific  binding 
and  then  incubated  for  30  min  with  1 :500  mouse  anti-His  tag  0.2  mg/ml.  (Santa  Cruz 
Biotechnology)  or  1 :200  mouse  anti-cmvc  primary  antibodies,  diluted  in  blocking  bufter. 
After  washing  twice  w ith  PBS  containing  0.5%  Tween  20  and  once  with  PBS  for  5 min. 
membranes  were  incubated  for  15  min  with  10  mL  of  alkaline  phosphatase-conjugated 
goat  anti-mouse  IgG  (Sigma)  diluted  1:5000  in  PBS  containing  1%  horse  serum.  The 
blots  were  finally  washed  again  as  above  and  developed  w ith  the  BCIP/NBT  Substrate 
Kit  (Zymcd). 

Expression  and  purification  of  human  asparagine  synthetase 

A 750-mL  culture  ofSI9  insect  cells  growing  in  suspemion  at  a density  of.'  • 10” 
cells  ml.  was  infected  at  MOI=5  with  45  mL  of  recombinant  viral  stock  at  2.5*  10s 
pfu/mL  (plaque  forming  units/mL).  The  infected  culture  was  incubated  for  48h  at  27°C. 
Cells  were  harvested  by  centrifugation  at  1 000<g  for  1 0 min  and  medium  was  discarded. 
SOmLoflysisbulTcrOOOmMTris.  10 mM imidazole.  I mM  DTT.  l%Triton X-100. 

pH  8.0)  was  added  over  pellet  and  allowed  to  sit  on  ice  for  2h.  Cells  were  resuspended  by 


pipetting  up-down  and  chunks  were  broken  with  short  sonication  bursts.  Lysate  was 
centrifuged  30  min  at  27.000‘g.  4°C  and  supernatant  was  filtered  through  0.8  pm 
cellulose  acetate  membrane.  The  cleared  lysate  was  loaded  on  a 2-mL  Ni-agarose  column 
preequilibrated  with  running  buffer.  The  column  was  washed  with  50  mL  running  buffer 
( 1 00  mM  Tris.  10  mM  imidazole.  1 m.W  DTT.  pH  8.0)  at  a rate  of  1 mL/min.  and 
recombinant  human  AS  was  eluted  with  an  imidazole  gradient  made  of  25  inL  running 
buffer  and  25  mL  elution  buffer  (1 00  mM  Tris.  500  mM  imidazole.  I mM  DTT.  pH  8.0). 
2.5-mL  fractions  were  collected  and  analyzed  on  SDS-PAGE.  Fractions  containing 
human  AS  were  pooled  and  proteins  were  precipitated  by  slowly  adding  solid  ammonium 
sulfate  to  70%  saturation.  After  sitting  on  ioe  overnight,  the  slurry  was  centrifuged  at 
1 6.000  rpm  for  1 5 min.  The  supernatant  was  discarded  and  the  pellet  resuspended  in  2 
mL  buffer  { 1 00  mM  EPPS.  1 mM  DTT.  pH  8.0).  The  human  AS  solution  was  dialyzed 
overnight  against  3 liters  of  buffer  at  4°C.  Glycerol  and  DTT  were  added  to  20%  and  10 
mM.  respectively.  The  human  AS  preparation  was  aliquoted.  snap-frozen,  and  stored  at  - 
80°C.  Throughout  the  purification,  all  steps  were  performed  at  4CC  and  butters  were  ice- 

Purification  of  messenger  RNA  from  A431  human  epidermoid  careinoma  eells 
Messenger  RNA  encoding  the  EGFR-ED  was  isolated  from  A43I  human 
epidermoid  carcinoma  cells,  a cell  line  that  expresses  high  levels  of  EGFR.  A43 1 cells  at 
80%  confiuncy  were  harvested  and  about  10° cells  suspended  in  isotonic  buffer  were 
separated  by  centrifugation.  The  cell  pellet  was  resuspended  and  lysed  in  0.4  mL  of 
extraction  buffer  containing  a high  concentration  of  guonidinium  thiocyanate,  which 
ensures  the  rapid  inactivation  of  endogenous  RNAses.  The  extract  was  diluted  three-fold 


with  elution  buffer  (10  mM  Tris.  1 mM  EDTA.  pH  7.5).  which  reduced  the  guanidinium 
thiocyanate  concentration  to  a level  low  enough  to  allow  efficient  binding  of  the  mRNA 
poly(A)  tracts  to  the  oligo(dT)-ccllu!osc  and  high  enough  to  maintain  complete  inhibition 
of  RNAses.  This  dilution  caused  a number  of  proteins  to  precipitate  and  the  extract  was 
clarilied  by  a short  centrifugation  at  top  speed  (14.000  rpm).  The  supernatant  was 
transferred  over  25  mg  of  oligo(dT)-cellulose.  gently  mixed,  incubated  at  room 
temperature  for  3 minutes,  and  centrifuged  at  lop  speed  for  1 0 seeonds.  After  being 
washed  live  times  with  high-salt  buffer  ( 10  mM  Tris.  I mM  EDTA.  0.5  M NaCI.  pH  7.5) 
and  low-salt  buffer!  10  mM  Tris.  1 mM  EDTA.  0.1  M NaCI.  pH  7.5).  the 
oligo(dT)-ce!lu!osc  pellet  was  transferred  to  a microcolumn  and  bound  mRNA  was  eluted 
twice  with  0.2  mL  of  elution  buffer  prewarmed  to  65°C.  The  eluted  fractions  were  mixed 
and  the  mRNA  was  precipitated  by  adding  10  pL  of  10  mg/ml.  glycogen  solution.  40  pL 
of  2.5  M potassium  acetate,  and  I mL  of  95%  ethanol.  The  mixture  was  chilled  at  -20°C 

was  dried  for  5 min  at  37°C  and  resuspended  in  40  pL  water.  The  concentration  of  total 
mRNA  was  determined  speclrophotometrically  by  measuring  the  absorbance  at  260  ntn. 
The  mRNA  solution  was  stored  on  ice  and  used  in  the  same  day  for  first  strand  cDNA 
synthesis. 

First-strand  cDNA  synthesis  and  amplification 

140  ng  of  mRNA  were  used  as  template  for  the  first-strand  cDNA  synthesis 
catalyzed  by  Moloney  murine  leukemia  virus  reverse  transcriptase.  After  a short 
denaturation  at  65°C  for  10  min.  the  mRNA  was  added  over  the  first-strand  cDNA 
reaction  mix  containing  a .Vo/I-d(T)is  bifunctional  primer  or  a custom  primer 


complementary  to  the  EGFR  mRNA  sequence.  The  reaction  was  run  for  I h at  37°C  and 
then  the  mixture  was  healed  to  95°C  for  5 min  to  denature  the  RNA-cDNA  duplex  and 
inactivate  the  reverse  transcriptase.  The  first-strand  cDNA  product  was  amplified  by  PCR 
with  Pfu  or  Tbr  DNA  polymerase  and  EGFR-ED  cloning  primers  (Table  3-2). 

Suhcloning  and  restoration  of  the  EGFR-ED  wild-type  sequence 

The  DNA  band  corresponding  to  the  amplified  EGFR  fragment  was  cut  out  of  a 
1 .2%  low-melting-point  agarose  gel  and  purified  with  QIAquick  Gel  Extraction  Kit. 
Single  3'  overhanging  A s were  added  to  the  EGFR-ED  fragment  with  Taq  DNA 
polymerase  in  a 20  minute  reaction  at  70°C.  The  product  was  purified  with  QIAquick 
PCR  Purification  Kit  and  ligated  in  linearized  pCR2.l  vector  with  3'-T  overhangs. 
Competent  E coli  Nova  Blue  cells  were  transformed  and  recombinants  were  selected  by 
hi  lie  while  colony  screening.  White  colonies  were  picked  and  the  presence  of  the  cloned 
EGFR-ED  fragment  was  checked  by  PCR  with  T7  Promoter  and  T7  Terminator  primers. 
Five  clones  were  selected  and  the  whole  1 863  base-pair  insert  was  sequenced. 

Sequencing  revealed  that  all  clones  were  identical,  having  four  mutations  from  the 
published  sequence  of  human  EGFR.  Two  of  these  mutations  were  silent  while  the  other 
two  accounted  for  AI92T  and  E295G.  The  non-silenl  mutations  were  changed  back  to  the 
wild-type  sequence  with  Slratagene’s  QuickChange  Site-Directed  Mutagenesis  Kit. 
following  a protocol  described  above. 

Cloning  of  EGFR-ED  in  the  pMcllluc  transfer  plasmid 

The  EGFR-ED  cDNA  with  the  correct  sequence  was  cut  out  of  the 
pCR2.1  /EGFR-ED  plasmid  by  simultaneously  digesting  with  Sad  and  Kpnl,  and 
separated  on  a 1 .2%  low  -melting-point  agarose  gel.  DNA  encoding  the  EGFR-ED  fused 
to  a couple  of  C-terminal  tags  was  obtained  by  amplifying  the  EGFR-ED  fragment  from 
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Aval  restriction  site,  positioned  lo  keep  the  histidine  tag  from  pBACl  in  the  reading 

The  PCR  product  of  expected  size  ('2  kb)  was  purified  on  agarose  gel  and  single  3' 
overhanging  A s were  added  with  Taq  DNA  polymerase.  The  human  AS  cDNA  solution 
obtained  a tier  cleaning  up  the  reaction  product  on  QIAquick  column  had  a DNA 
concentration  ot  30  ng/pL.  as  determined  by  optical  density  at  260  nm. 

This  human  AS  fragment  was  ligated  in  pCR2. 1 in  a reaction  catalyzed  by  Quick 
T4  DNA  ligasc  (New  England  Biolabs),  at  a molar  ratio  insert/vector  of  3/1.  Competent 
Nova  Blue  cells  were  transformed  by  heat  shock  with  2 pL  ligation  product  and  spread 
on  an  X-Gal/IPTG  LB  plate  with  50  pg/mL  kanamyein.  Five  white  colonies  were  picked, 
grown  in  LB  with  50  pg/mL  kanamyein  and  the  presence  of  the  cloned  insert  was 
analyzed  by  PCR.  Plasmid  DNA  from  one  positive  colony  was  sent  for  sequencing  of  the 
entire  human  AS  fragment.  A standard  nucleotide  search  with  BLAST  (NCBI)  revealed 
that  the  cloned  sequence  was  identical  to  the  human  AS  mRNA. 

The  human  AS  fragment  was  simultaneously  digested  w ith  Slul  and  Aval 
( Promega)  out  of  pCR2. 1 /hAS  and  ligated  in  pBAC  I preopened  with  the  same  enzymes. 
BamM  is  the  first  restriction  site  in  pBAC  1 's  multiple  cloning  region  and  it  allows 
cloning  of  the  start  codon  closest  to  the  polyhedral  promoter.  BamHI  restriction  sites  are 
also  present  within  the  human  AS  cDNA  and  therefore  it  could  not  be  used  tor  cloning. 
The  next  available  restriction  site.  Slul.  was  instead  used  and  that  introduced  the  ATG 
start  codon  18  bases  downstream  of  the  polyhedral  promoter  (Figure  3-1). 


Transfection  of  Insect  Cells  and  Preparation  of  Human  Asparagine  Synthetase 
Recombinant  Virus 

Human  AS  recombinant  virus  was  obtained  by  co-transfccting  insect  cells  with 
linearized  viral  DN  A and  the  polyliedrin  promoter-based  transfer  vector  containing  the 
human  AS  gene.  pBACT/hAS.  The  pBACIhAS  transfer  plasmid  has  upstream  and 
downstream  segments  of  baculovirus  DNA.  Hanking  the  promoter  and  the  human  AS 
gene.  Recombination  between  homologous  sequences  in  the  viral  DNA  and  the  transfer 
vector  introduces  the  human  AS  gene  into  the  baculovirus  genome  at  the polyliedrill 


A large  number  of  the  over  1 50  potential  genes  in  AcNPV  are  unnecessary  for 
growth  of  the  virus  in  tissue  cultures.  The  viral  DNA  used  in  transfection.  BacVector- 
3000.  was  generated  from  a modified  virus  that  lacks  the  polyliedrin  gene  and  seven  other 
non-essential  genes,  including  a serine  protease,  v-caili.  Digestion  of  the  progenitor 
Bac  Vector  virus  to  obtain  linearized  viral  DNA  resulted  in  removal  of  the  polyliedrill 
gene  and  the  C-terminus  of  the  neighboring  ORFI629.  Since  the  ORFI629  is  necessary 
for  viral  propagation  (248).  the  only  way  to  isolate  viable  virus  is  if  the  ORI-1629 
sequence  is  suppiica  by  the  transfer  vector.  During  transfection,  recombination  between 
homologous  sequences.  ORF1 629  and  ORF603.  in  the  transfer  vector  and  the  linearized 
DNA.  provides  the  essential  sequence  needed  for  viral  replication,  resulting  in  the 
propagation  of  only  recombinant  virus. 

The  co-transfection  of  viral  DNA  and  pBAC  I /hAS  is  mediated  by  cationic 
liposomes.  The  positively  charged  headgroups  of  liposomes  associate  with  the  negatively 
charged  phosphate  groups  of  nucleic  acids  and  form  a liposomc-DNA  complex  that  is 


infected  cultures  were  harvested  after  5 days,  the  cells  were  separated  by  centrifugation 
for  5 min  at  300  rpm.  and  the  virus  containing  medium  was  transferred  to  a fresh  tube. 

One  mL  of  this  viral  solution  was  used  to  infect  a 500  mL  culture  of  Sin  insect  cells 
growing  in  suspention  at  a density  of  2,3  * 1 06  cells  ml  The  infection  was  monitored  by 
counting  the  cells  every  day.  The  culture  was  harvested  5 days  post-infection,  when  over 
90%  of  ceils  were  dead.  The  cells  were  separated  by  centrifugation  and  Fetal  Bovine 
Serum  was  added  to  10%.  making  up  a viral  stock  whose  liter  determined  by  plaque 
assay  was  2.5' 10*  pfu/mL. 

Viral  DNA  was  puritied  from  100  mL  of  high-titer  viral  stock  and  the  human  AS 
fragment  was  completely  sequenced  to  conlirm  that  the  insen  was  intact. 

The  high-titer  viral  stock  prepared  front  plaque  purilied  recombinant  virus  was 
used  to  determine  the  optimal  times  and  conditions  for  human  AS  expression.  Insect  cell 
cultures  infected  with  variable  amounts  of  virus  were  harv  ested  at  different  times  and  the 
level  of  human  AS  expression  was  anulyzed  by  Western  blotting  and  pyrophosphate 

Cellular  lysates  were  loaded  on  SDS  gels  and  two  Western  blots  were  performed 
using  primary'  antibodies  raised  against  the  c-myc  and  histidine  tags  fused  to  the 
C-terminus  of  the  expressed  human  AS.  Both  antibodies  showed  little  specificity,  as  they 
stained  other  protein  bands  present  in  the  cell  lysate.  A band  that  migrates  with  the 
recombinant  human  AS  control  was  becoming  visible  gradually  as  the  infection  times 
increased.  Although  the  Western  blot  showed  evidence  that  expression  of  a protein  with 
the  expected  molecular  mass  occurred,  it  was  not  a good  experiment  to  quantify  the 
amount  of  protein  expressed  during  the  lime  course. 


An  assay  that  measures  the  pyrophosphale  generated  in  enzymatic  reactions  was 
used  to  quantity'  the  level  of  AS  expression.  No  activity  was  detected  in  the  crude  lysates 
of  infected  SF>  cells,  probably  because  the  human  AS  concentration  w as  too  low  or  other 
cellular  proteins  interfered  with  detection  of  pyrophosphale  in  the  enzyme  coupled  assay. 
Cellular  lysates  from  cultures  infected  w ith  variable  amounts  of  virus  and  different 
harvest  times  were  mixed  with  Ni-agarose  and  bound  AS  was  eluted  with  50  pL  buffer, 
to  obtain  relatively  pure  human  AS  solutions  that  showed  activity  in  the  pyrophosphate 
assay.  Each  assay  was  done  with  10  pL  enzyme  preparation  and  the  results  are  shown  in 
Table  3-3.  The  relative  rates  of  pyrophosphate  generation  are  plotted  in  Figure  3-3.  The 
time  course  of  human  AS  expression  was  performed  over  a wide  range  of  virus/cell 
infection  ratios  (molecularity  of  infection):  1 O’",  I0'1.  1.5.  and  10. 

The  results  showed  that  the  human  AS  expression  began  24  h postinfection  and 
gradually  increased  in  the  next  24  h.  After  reaching  the  maximum  around  48  h 
postinfection.  the  activity  started  to  decrease,  coincident!)'  with  cell  lysis.  The  drop  in 
activity  after  cell  death  is  probably  caused  by  the  exposure  of  the  expressed  human  AS  to 
the  oxygen  and  slightly  acidic  medium. 

Human  AS  was  purified  from  a 750  mL  culture  of  Sft)  insect  cells  growing  in 
SI-900  II  serum  free  medium.  Following  infection  at  MOl  5.  the  culture  was  monitored 
by  removing  small  aliquots  and  counting  the  cells  every  1 2 h (Table  3-4).  As  a control,  a 
small  aliquot  of  the  cell  culture  was  left  uninfected  and  monitored  in  parallel  with  the 
expression.  The  culture  was  harvested  48  h postinfection.  The  cells  were  separated  by 
centrifugation  and  resuspended  in  75  mL  of  bufter  containing  1%  Triton  X-100.  The 


oligonucleotide  mutagenesis  of  the  wild-type  AS.  with  pBACl/hAS  as  template  for  P/u 
catalyzed  PCR's  and  primers  containing  the  desired  mutations.  Clones  with  the  correct 
sequence,  selected  by  DNA  sequencing  of  the  entire  fragment  that  encodes  the  human  AS 
mutants,  were  further  used  to  transfect  insect  cells  together  with  BacVcctor3000  viral 
DNA  and  to  make  recombinant  virus,  expression  of  each  mutant  was  based  on  a 
procedure  identical  to  that  of  wild-type  AS.  and  included  co-transfection  of  insect  cells, 
purification,  analysis,  and  amplification  of  recombinant  virus.  Each  mutant  was 
expressed  in  a 750-mL  suspcnlion  culture,  infected  at  a virus/cell  ratio  of  5.  and  was 
purified  based  on  the  C-terminal  histidine  tag  with  Ni-agarose  columns.  The  final 
preparations  of  the  human  AS  mutants  were  over  90%  pure  and  the  concentrations . os 
determined  in  Lowry  assays,  were:  Cl.A/hAS  3.5  mg/mL:  CIS/hAS  2 mg/mL. 
R339A/hAS  4 mg/mL.  R339K,hAS  3 mg/mL.  and  L4 1 3F/hAS  4 mg/mL. 

Synthesis  and  (inning  of  EGFR-ED  cl)\ A 

The  DNA  sequence  encoding  EGFR-ED  was  obtained  by  reverse  transcription  of 
the  mRN  A isolated  from  A43 1 human  epidermoid  carcinoma  cells.  This  cell  line  was 
chosen  for  the  high  levels  of  EGFR  that  it  expresses  and  upregulation  of  the  EGFR  gene, 
which  results  in  accumulation  of  the  corresponding  niRNA. 

The  concentration  and  purity  of  mRNA  was  determined  by  measuring  the  UV 
absorbance  at  260  nm  of  a 100-fold  diluted  sample,  and  mRNA  concentration  was 
calculated  with  the  formula  in  Equation  3-1. 

[mRNA]=  A’sn  * Dilution  Factor  ■ 40  pg/mL  (3-1) 

The  100-fold  diluted  sample  had  Ajm  = 0,007.  Aura  = 0.006.  A A>*>  =1.17.  and  the 
calculated  mRNA  concentration  was: 


[mRNA]=  0.007  « 100  - 40  = 28  ug/mL 


(3-2) 


First  strand  cDNA  synthesis  was  catalyzed  by  Moloney  murine  leukemia  vims 
reverse  transcriptase  with  a universal  poly-d(T)  primer  ora  custom  primer 
complementary  to  the  EGFR  mRNA  sequence.  EGFR-ED  encoding  DNA  was  amplified 
from  the  reverse  transcription  cDNA  product  in  a polymerase  chain  reaction  with  specific 
primers  that  anneal  at  the  two  ends  of  the  desired  fragment.  The  PCR's  were  catalyzed  by 
high-fidelity  DNA  polymerases.  Pfu  or  Thr.  and  the  products  were  analyzed  by 
electrophoresis  on  agarose  gel  stained  with  ethidium  bromide  (Figure  3-7).  A DNA 
fragment  with  the  expected  size  of  about  2 kb  was  obtained  in  the  reaction  with  universal 
poly-d(T)  primer  and  Tbr.  This  product  was  purified  on  a 1 .2%  low-melting-point 
agarose  gel  and  single  3*  overhanging  A’s  were  added  with  Tail  DNA  polymerase.  The 
DNA  fragment  was  ligated  into  linearized  pCR2. 1 vector  with  3’-T  overhangs  and  used 
to  transform  competent  E.  call  Nova  Blue  cells.  Following  blue  white  colony  screening, 
twelve  white  colonies  were  picked  and  the  size  of  the  cloned  fragment  was  verified  by 
PCR  with  T7  Promoter  and  T7  Terminator  primers  (Figure  3-8). 

Five  clones  harboring  the  biggest  DNA  inserts  were  selected  and  the  cloned 
fragments  were  completely  sequenced.  The  sequencing  results  confirmed  that  the  cloned 
fragment  was  indeed  the  EGFR-ED.  but  comparison  with  the  receptor's  published 
sequence  showed  four  single-point  mutations  from  the  wild-type  EGFR-ED.  These 
mutations  were  present  in  all  the  five  selected  clones,  suggesting  that  they  were  not 
introduced  during  mRNA  reverse  transcription  and  cDNA  amplification.  Most  probably 
the  EGFR-ED  that  we  cloned  is  the  one  expressed  by  the  A43I  cells  and  the  four 
mutations  are  endogenous  to  this  cell  line.  Two  of  these  mutations  are  silent  and  the  other 


two.  accounting  for  AI92T  and  E295G.  involve  residues  largely  unconservcd  throughout 
the  receptor  family. 

The  two  non-silent  mutations  were  changed  back  to  the  wild-type  sequence  by 
oligonucleoiidc-dtrccted  in  vitro  mutagenesis,  a method  based  on  copying  the  whole 
DNA  plasmid  with  the  exception  of  an  approximately  30  base  pair  fragment 
encompassing  the  mutated  nucleotide.  Complementing  oligonucleotide  primers  that 
contain  the  mutation  flanked  by  correctly  annealing  sequences  were  designed  and  the 
entire  plasmid  was  copied  in  a polymerase  chain  reaction  catalyzed  by  last,  high-fidelity 
PfuTmbo  DNA  polymerase  (Stratagcnc).  After  selecting  a clone  w ith  the  correct  single- 
point mutation,  the  entire  EGFR-ED  insert  needs  to  be  sequenced,  to  make  sure  that 
unwanted  mutations  were  not  introduced  elsewhere  in  the  fragment  during  the  OCR. 

Cloning  the  EGER-ED  fragment  from  pCR2.1/EGFR-ED  into  pMelBac  B was 
facilitated  by  the  Sac! and  Kpnl  restriction  sites  that  had  been  introduced  with  the  PCR 
primers  in  the  cDNA  amplification  step.  The  EGFR-ED  fragment  was  simultaneously 
digested  with  the  two  endonucleases  and  religatcd  in  the  new  host  vector,  preopened  with 
the  same  enzymes.  Introduction  of  the  C-terminal  tags,  c-myc  and  HisTng.  was  done  by 
amplification  of  the  EGFR-ED  fragment  from  pCR2.1  EGFR-ED  with  high-fidelity  Pfii 
DNA  polymerase,  using  a reverse  primer  that  contains  the  tags'  coding  sequences 
inserted  between  the  EGFR-ED  C-terminus  and  a stop  codon  (Table  3-2).  The  PCR 
product  was  purified  on  agarose  gek  digested  with  Sod  and  Kpnl  restriction  enzymes, 
and  ligated  in  the  preopened  pMelBac  B.  Two  clones  w ith  the  tagged  and  untagged 
receptor  domain  were  selected  and  the  entire  EGFR-ED  was  sequenced  (Figure  3-9). 


Since  post-translational  modification  of  proteins  in  insect  cells  closely  resembles 
that  in  mammalian  cells,  the  baculovirus  expression  system  should  yield  the  EGFR-ED  in 
a glycosylated  form.  There  is  literature  precedent  for  obtaining  EGFR-ED  using 
baculovirus-based  systems  in  which  a leader  peptide  present  in  the  expressed  protein 
ensures  that  the  processed  EGFR-ED  will  be  secreted  into  the  medium,  simplifying 
isolation  and  purification  protocols  (1S7). 

pMcIBac  is  a polylmlrin  promoter-based  transfer  vector  designed  to  direct 
expression  of  recombinant  proteins  through  the  insect  cell  secretory'  pathway  into  the 
extracellular  medium.  The  expressed  EGFR-ED  was  cloned  at  the  end  of  the  signal 
sequence  for  honeybee  melittin  (Figure  3-9).  a highly  expressed  and  efficiently  secreted 
protein. 

The  homologous  sequences  Hanking  the  cloning  site  are  the  baculovirus  ORF  1 629. 
essential  for  viral  propagation,  and  a 1 .100  bp  lacZ  fragment,  that  allows  recombination 
of  the  pMelBac  transfer  vector  only  with  modified  baculovirus  DNA  containing  the  lucZ 
gene.  Insect  cells  were  co-transfected  with  the  pMelBac  B/EGFR-ED  transfer  vector  and 
Bac-N-Bluc  DNA.  a linearized  viral  DNA  that  has  an  incomplete  ORF  1 629  at  one  end 
and  the  lacZ  gene  at  the  other  end.  1 lomologous  recombination  between  these  DNA's 
produced  a circular,  recombinant  virus  that  contains  the  EGFR-ED  fragment  under  the 
polyheilrin  promoter  and  the  complete  lacZ  gene  under  a baculovirus  "early-to-late" 
promoter.  Expression  of  the  lacZ  gene  allows  identification  of  the  recombinant  virus  that 
produces  blue  plaques  in  the  insect  cell  monolayer  when  X-gal  is  added  to  the 
agarose-medium  overlay  (Figure  3-10). 


SR  insect  cells  were  co-trasnfected  with  viral  DNA  and  transfer  plasmid  in  a 


reaction  mediated  by  cationic  liposomes.  Recombinant  blue  plaques  were  selected, 
purified  in  two  consecutive  plaque  assays,  and  amplified  to  make  5 mL  viral  stocks.  The 
recombinant  virus  was  analyzed  by  PCR  for  the  presence  on  the  EGFR-ED  insert.  One 
virus  clone  containing  a DNA  insert  of  - 2 kb.  the  expected  size  for  EGFR-ED.  was 
selected  and  amplified  to  make  500  mL  of  high-liter  viral  stock  with  a titer  of  I » 10s 
pfu/mL.  as  determined  in  a plaque  assay.  Viral  DNA  was  purified  from  1 00  mL  stock  and 
the  entire  EGFR-ED  fragment  was  sequenced  to  confirm  that  the  recombinant  virus 
contains  the  correct,  wild-type  receptor  domain. 

Expression  and  Purification  of  EGFR-F.D 

EGFR-ED  was  expressed  by  infecting  serum-free  medium  adapted  SPf  insect  cells 
with  recombinant  baculovirus  at  MO!=5.  Expression  in  insect  cells  that  do  not  require 
serum  supplements  facilitates  the  purification  of  secreted  EGFR-ED  out  of  the  medium 
that  does  not  contain  scrum  proteins. 

The  lack  of  an  assay  to  quantify  the  amount  of  active  EGR-ED  did  not  allow' the 
monitoring  of  expression  levels  during  the  time  course  experiment  Unlike  human  AS. 
the  EGFR-ED  is  an  extracellular  protein  with  ail  cysteine  residues  involved  in  disulfide 
bonds  (205).  which  makes  it  more  stable  when  exposed  to  the  oxidative  factors  present  in 
the  culture  medium.  This  allowed  harvesting  the  expressed  EGFR-ED  at  very  late  stages 
of  infection,  when  over  90%  of  cells  ore  dead  and  expression  levels  are  increased. 

Both  the  untagged  and  the  EGFR-ED  with  consecutive  C-temiinal  lags  (c-myc  and 
histidine)  were  expressed  in  500  mL  cultures  infected  at  MOI=5.  The  purification  method 
used  was  a mild,  nonaffinity  method,  developed  w ith  the  intention  to  avoid  exposure  of 
the  EGFR-ED  to  the  relatively  harsh  conditions  normally  used  to  elute  the  affinity 
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columns  (254).  Total  proteins  were  precipitated  from  the  medium  harvested  4 days  post- 
infection  by  adding  solid  ammonium  sulfate  to  70%  saturation  at  4°C.  To  purify  the 
untagged  EGFR-ED.  precipitated  proteins  were  dissolved  in  1 00  mL  of  20  mM  Tris-HCl 
buffer  at  pH  8.0.  filtered  and  loaded  on  a high-performance  Q-Sepharose  column.  The 
expressed  receptor  domain  is  retained  on  the  anion  exchange  column  at  pH  above  7.1.  the 
isoelectric  point  of  the  EGER-ED  produced  by  insect  cells.  Elution  was  done  with  a N’aCi 
gradient  from  0 to  300  mM.  and  most  EGFR-ED  was  recovered  in  the  fractions  around 
150  mM  NaCI.  Analysis  of  eluted  fractions  by  SDS-PAGE  showed  that  the  receptor  was 
not  purified  to  homogeneity,  as  many  protein  bands  with  molecular  weigh  around  60  kDa 
were  visible  on  the  gel  stained  with  Comassie  Blue  (Figure  3-1 1).  Since  none  of  the 
eluted  proteins  was  present  in  higher  amounts,  it  was  impossible  to  identify  which  band 
was  the  EGFR-ED  only  from  the  gel  picture.  One  possibility  is  that  the  bands  separated 
on  the  SDS  gel  are  the  same  protein.  EGFR-ED.  but  with  different  levels  of 
givcosvlation. 

Purification  of  the  histidine  tagged  EGFR-ED  by  metal  chelation  chromatography 
on  a Ni-agarosc  column  produced  a receptor  with  over  9(1%  purity,  as  suggested  by 
SDS-PAGE  (Figure  3-12),  The  total  protein  concentration  of  the  final  EGFR-ED 
preparation  was  0.4  mg/mL.  as  determined  by  the  method  of  Lowry. 


■al  plaques  on  the  SI9  cci 


Table  3-3.  Time  course  of  human  AS  cxpr  sion  measured  by  (he  i 
formation. 
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Figure  3-3.  Relative  rate  of  pyrophosphate  formation  of  human  AS  samples  collected 
during  the  time  course. 
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Tabic  3-4.  Cell  densities  and  viabilities  during  human  AS  ex 
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Figure  3-5.  Analysis  of  Ihe  human  AS  preparation  by  SDS-PAGE  and  anti-hislidinc  tag 
Western  blot.  Increasing  amounts  of  final  enzyme  preparation  were  loaded:  1 
pL.  in  lane  1 . 2 pL  in  lane  2.  and  1 0 pi.  in  lane  3. 


I Expressed  hAS  X -Gly-lle-Val-Ala-Lcu-Phe-Gly-Ser-Asp-Asp-  X -Lcu-Scr-Val-Gln 

1 sequence I 

Published  hAS  Cys-Gly-Ile-Val-Ala-Leu-Phc-Gly-Ser-Asp-Asp-Cys-Lcu-Ser-Val-GIn 

I sequence [ 

X - undetermined  residue 


Figure  3-6.  N-tcrminus  sequence  analysis  of  human  AS  expressed  in  insect  cells. 


2-  Pfu  and  poly-d(T)n 

3-  Pfu  and  EGFR-Kpnl 

4-  Thr  and  poly-d(T)i* 

5-  Thr  and  KGFR-Kpnl 


Figure  3-7.  Gel  picture  of  the  cDNA  amplification  product.  Each  lane  was  loaded  with  10 
uL  of  PCR  product,  catalyzed  by  Thr  or  I'/ii  DNA  polymerase  on  cDN  A 
templates  obtained  by  mRNA  reverse  transcription  with  an  universal 
poly-d(T)u  primer  or  with  EGFR-Kpnl.  a specific  reverse  primer 
complementary  to  the  EGFR-ED  mRNA  sequence. 


Figure  3-8.  Insert  size  analysis  of  potential  EGFR-ED  cDNA  Iragti 
pCR2.l. 


Figure  3-1 1.  Purification  of  untagged  EGFR-ED.  SDS/PAGE  of  fractions  eluted  from 
Q-Sepharosc  column  with  NaCI  gradient. 


Figure  3-12.  Purification  of  histidine-tagged  EGFR-ED.  SDS/PAGE  of  fractions  eluted 
from  Ni-agarose  column  with  imidazole  gradient. 


CHAPTER  4 

KINETIC  CHARACTERIZATION  OF  HUMAN  ASPARAGINE  SYNTHETASE  AND 
ITS  MUTANTS 

Expression  ami  Characterization  of  Human  Asparagine  Synthetase  Mutants 

Although  extensive  research  data  on  expression  and  characterization  of  Escherichia 
call  AS-B  mutants  is  available  (99.1 57.1  59.1  72),  very  few  studies  on  mutants  of  the 
human  enzyme  have  been  reported  (97).  This  is  most  probably  because  of  the  difficulties 
encountered  with  the  expression  of  human  AS.  While  high  quantities  of  bacterial  enzyme 
can  be  expressed  (up  to  40%  of  the  soluble  cellular  protein)  and  purified  from 
BL2IDE3pLvs  S Escherichia  call  transformed  with  pET  expression  vectors  having  the 
asnB  gene  under  the  control  of  the  T7  promoter  (99),  attempts  to  successfully  achieve 
expression  of  human  AS  in  bacterial  systems  have  largely  failed,  as  the  expression  levels 
were  very  low  and  only  insignificant  amounts  of  active  enzyme  were  obtained  after 
purification  (za5).  Expression  of  human  AS  in  yeast  has  yielded  variable  amounts  of 
enzyme,  depending  on  (he  expression  system  used  (95.96). 

Sequence  alignment  together  with  mutation  studies  in  the  glutamine  dependent  AS 
family  of  enzymes  provide  valuable  information  on  the  expected  properties  of  human  AS 
mutants.  Mutation  of  the  Arg-325  residue  to  alanine  or  lysine  in  Escherichia  call  AS-B 
completely  abolishes  the  synthetase  activity  (172).  suggesting  that  the  corresponding 
mutations  in  human  AS.  at  position  Arg-339.  would  have  a similar  effect.  The  Cys-I 
residue  in  both  human  and  bacterial  AS  has  been  shown  to  be  essential  for  the  glutamine 
dependent  asparagine  synihatasc  activity  and  glutamine  hydrolysis  activity  (94,97.99),  as 


the  nucleophilic  thiolatc  anion  ofCys-l  makes  the  first  attack  on  the  amide  of  glutamine. 
Subsequent  hydrolysis  of  this  thioester  then  regenerates  the  thiolatc  and  yields  glutamate. 

AsludyofaBHK-21  Syrian  hamster  cell  line  that  was  blocked  in  the  Gi  phase  of 
the  cell  cycle  at  the  non-permissivc  temperature  of  39.5°C.  revealed  a single-base 
mutation  that  resulted  in  the  substitution  of  leucine  with  phenylalanine  at  a residue 
located  in  the  C-terminal  sequence  of  AS  (42).  The  AS  activity  in  cell  extracts  sharply 
decreased  during  incubation  at  39.5  °C.  suggesting  that  the  inability  of  this  cell  line  to 
advance  to  the  S phase  was  due  to  a mutated,  thermolabile  AS. 

The  successful  use  of  a baculovirus  expression  system  to  produce  high  levels  of 
human  guanosine-5*-monophosphatc  synthetase  ( 1 38).  an  enzyme  structurally 
homologous  to  the  AS  C-terminal  domain,  suggests  that  the  baculovirus  is  an  effective 
system  for  expression  of  active  human  AS. 

The  wild-type  human  AS  and  live  mutants:  CIA.  CIS.  R339A.  R339K.  and 
L413F,  were  expressed  with  the  pBACI/BacVector3000  baculovirus  system  and  purified 
in  one  step,  based  on  the  C-terminal  histidine  tag  chelating  on  a nickel-agarose  column. 
The  human  AS  and  its  mutants  were  then  characterized  for  their  activity  to  synthesize 
asparagine  in  both  the  ammonia  and  glutamine  dependent  reactions,  fixpression  and 
purification  of  all  mutants  was  done  using  the  same  procedure,  protein  concentrations  in 
the  final  preparations  being  detennined  by  the  method  of  Lowry. 

Pyrophosphate  Determination  Assay 

The  initial  rate  of  reaction  was  determined  spcctrophotomeirically  by  following  the 
production  of  pyrophosphate  during  asparagine  synthesis  using  a coupled  assay  system 
based  upon  literature  methods  (256).  Steady-state  kinetic  constants  (Km)  for  human  AS 
substrates  were  determined  by  incubating  wild-type  or  mutant  human  AS  in  a reaction 
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mixture  with  two  substrates  present  at  saturating  concentrations  and  one  substrate  "hose 
concentration  was  varied.  Reaction  mixtures  with  total  volume  of  1 mL  contained  100 
mM  EPPS.  pH  8.0. 10  mM  MgClj,  and  350  pL  of  reconstituted  pyrophosphate  reagent 
(Sigma  Chemical  Co..  Technical  Bulletin  no.  Bl-100).  The  concentrations  of  the 
substrates  when  held  constant  were  2 mM  ATP.  100  mM  NIliCl.  and  10  mM  L-aspartate. 
The  glutamine-dependent  synthesis  of  asparagine  was  assayed  using  an  identical 
substrate  mixture  except  that  ammonium  chloride  was  replaced  by  10  mM  L-glutamine. 
The  concentrations  of  the  variable  substrates  were:  0 to  2.0  mM  ATP.  0 to  200  mM 
NHj  . and  0 to  20.0  mM  L-aspartate.  The  mixtures  were  prewarmed  to  37°C.  and  the 
reaction  was  started  by  the  addition  of  0.06  nmol  of  wild-type  or  mutant  human  AS. 
Control  experiments  contained  all  of  the  assay  components  except  the  enzyme.  All  assays 
were  performed  in  triplicate. 

(■lutaminase  Activity  Assay 

The  rate  of  glutamine  hydrolysis  was  determined  by  measuring  the  amount  of  L- 
glutamate  produced  using  glutamate  dehydrogenase  in  the  presence  of  NAD*  (257). 
Reaction  mixtures  with  total  volumes  of  300  pL  contained  100  mM  EPPS  buffer  at  pH 
8.0. 0.2  mM  ATP.  and  10  mM  MgCI;.  freshly  made  solutions  of  recrystallized  L- 
glutamine  were  used  to  determine  the  initial  rate  at  various  L-glutamine  concentrations  of 
up  to  50  mM.  Reactions  were  initiated  by  the  addition  of  5 pg  of  wild-type  human  AS  or 
mutants  and  the  mixtures  were  incubated  at  37°C  for  15  min.  The  reactions  were  stopped 
by  heating  5 min  on  a boiling  water  bath.  To  determine  the  amount  of  L-glutamate 
produced.  200  pL  of  reaction  mixture  were  transferred  over  600  pL  coupling  reagent 
containing  glycine-hydrazine  buffer  at  pH  9.0  (300  mM  glycine.  250  mM  hydrazine).  0.5 


mM  ADP.  1.5  inM  N'AD'.  and  2.0  units  of  glutamate  dehydrogenase.  The  reactions  were 
incubated  at  room  temperature  for  1 hour  and  absorbance  at  340  nm  was  measured,  the 
concentration  of  glutamate  in  the  samples  being  determined  from  a standard  curve. 

Kinetic  Characterization  of  Human  Asparagine  Synthetase  ant  its  Mutants 
Human  AS  catalyz.es  the  conversion  of  aspartic  acid  to  asparagine,  using  either 
glutamine  or  ammonia  as  a source  of  nitrogen  (Figure  I -1 ). 

For  each  molecule  of  asparagine  formed  in  the  reaction,  one  molecule  of  ATP  is 
hydrolyzed  to  AMP  and  pyrophosphate  (PP,)  (62.82 ).THe  initial  rate  of  reaction  can  be 
determined  in  a continuous  spcctrophotometric  assay,  by  monitoring  the  production  of 
PP,  with  Sigma's  pyrophosphate  reagent.  The  reaction  rate  is  calculated  from  the 
decrease  in  adsorbtion  at  340  nm  caused  by  NADH  consumption  in  a series  of  coupled 
reactions.  Two  moles  of  NADH  are  oxidized  to  NAD'  per  mole  of  PP,  generated  during 


asparagine  synthesis. 

Rate  (pM/sl  = Slope  (au/sl  < 10!  / (6.22  * 2) 

where:  au  - adsorbtion  units 

6,22  - the  millimolar  extinction  coefficient  of  NADH  at  340  nm. 

The  decrease  in  adsorbtion  at  340  nm  was  linear  with  time  for  at  least  30  minutes 
under  the  assay  conditions.  When  the  concentration  of  L-aspartate.  AIT.  ammonium 
chloride  or  L-glutamine  was  separately  varied,  hyperbolic  curves  of  activity  against 
substrate  concentration  were  obtained.  The  R339A.  R339K.  and  L4I3F  mutants  showed 


no  activity  in  the  pyrophosphate  synthesis  assay,  for  both  the  an 


glutamine-dependent  reactions.  Km  and  values  were  calculated  from  V.  versus  [S| 
plots  and  double-reciprocal  plots  of  TV,,  versus  1/[S1.  where  S was  the  substrate  whose 
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concentration  was  varied,  and  V0  was  ihc  initial  reaction  rate  (Table  4-1).  for  the 
ammonia-dependent  synthesis  activity  was  estimated  at  0.5  s'1,  assuming  the  wild-type 
and  rr  ant  human  AS  preparations  were  purilicd  to  homogeneity.  ATP  was  partially 
inhibiting  the  reaction  at  concentrations  above  2 mM  (Figure  4-111. 

The  apparent  Km  values  of  human  AS  for  L-glutamine  were  determined  by 
measuring  the  initial  rate  of  L-glutamate  and  pyrophosphate  formation  at  varying 
L-glutamine  concentrations  (Table  4-2).  The  glutaminase  activity,  as  well  as  the 
glutamine-dependent  synthetase  activity,  was  affected  by  the  presence  on  anions.  The 
rates  of  these  two  reactions  w ere  dependent  on  the  concentration  of  chloride,  and 
apparent  Km  values  of  human  AS  for  L-glutamine  hydrolysis  were  determined  at  various 
Cl"  concentrations  (Figure  4- 1 2).  Assay  parameters  of  length  and  enzyme  concentration 
were  chosen  so  that  L-glutamate  accumulation  did  not  exceed  5%  of  the  available 
substrate  by  the  end  of  the  incubation  period.  The  initial  rate  depends  on  the  L-glulamine 
concentration  following  a hyperbolic  relationship  and  the  apparent  Km  values  for 
L-glulamine  decreased  as  ihe  concentration  of  chloride  ions  increased,  reaching  the 
lowest  Kmof  1.6  mM  at  chloride  concentrations  of  50  mM  or  higher  (Table  4-3). 

The  surprising  observation  that  chloride  ions  from  the  ATP/MgCIi  mixture  were 
responsible  for  the  stimulation  of  glutaminase  activity,  while  Mg  and  ATP  did  not  have 
any  effect,  encouraged  us  to  explore  the  intlucnce  of  other  chemical  species  and  anions 
on  this  reaction.  As  shown  in  Table  4-4.  only  formate,  nitrate  and  halide  ions  had  an 
activating  effect,  while  all  the  other  species  tested,  including  the  N-acylsulfontunidc 
inhibitor  4.  did  not  affect  Ihe  glutaminase  activity.  The  final  concentration  of  the  tested 
chemical  species  in  the  assay  mixture  was  20  mM  and  all  anions  were  added  as  Na‘  or  K* 


salts.  ‘Die  possibility  that  the  observed  stimulation  ol* activity  resulted  from  either  sodium 
or  potassium  counterions  was  excluded  hy  running  appropriate  control  experiments. 

Glutamine  hydrolysis  is  a partial  reaction  in  the  glutamine-dependent  nspargine 
synthesis,  suggesting  that  chloride  is  also  required  for  the  glutamine-dependent 
synthetase  activity.  This  was  demonstrated  by  determining  the  amount  of  pyrophosphate 
produced  by  human  AS  in  reactions  with  recrystallized  l.-glutamine  as  the  nitrogen 
source.  In  the  absence  of  chloride  ions,  the  rate  of  pyrophosphate  formation  in  the 
glutamine-dependent  synthetase  reaction  drops  to  less  than  5%  of  the  rate  measured  in 
the  presence  of  chloride  at  concentrations  of  50  mM  or  higher.  Unlike  the  reactions 
having  L-glutamine  as  a substrate,  the  ammonia-dependent  synthesis  of  asparagine  is  not 
affected  by  chloride.  The  effects  that  various  anionic  species  had  on  the  glutaminase 
activity  and  the  glutamine-dependent  synthetase  activity  were  similar  (Table  4-4 ). 

The  same  baculovirus  expression  system  was  used  to  obtain  live  single-point 
mutants  of  human  AS.  The  mutations  in  the  hAS  coding  DNA  were  made  by  in  vitro 
oligonucleotide-directed  mutagenesis  of  the  baculovirus  transfer  vector  pBACI/hAS. 
Alter  analyzing  the  hAS  mutant  clones  by  completely  sequencing  the  coding  DNA 
fragment,  recombinant  baculovirus  with  the  correct  mutations  were  produced,  purified, 
and  amplified  following  a method  identical  to  the  one  used  for  the  wild-tvpe  enzyme. 
Kinetic  characterization  of  the  purified  mutants  revealed  that  replacement  of  Cys-1  by 
either  aianine  or  serine  resulted  in  lossof  glutaminase  and  glutamine-dependent  activity, 
without  any  significant  effect  upon  ammonia-dependent  asparagine  synthesis  (Table  4-1 ). 
The  R339A.  R339K.  and  L4I3F  human  AS  mutants  had  no  detectable  synthetase  activity 


The  baculovirus  expression  system  presents  significant  advantages  for  the 
production  of  mammalian  proteins:  it  is  not  pathogenic,  it  is  easily  and  reproducibly 
scaled  up.  yields  very  high  levels  of  recombinant  proteins  that  are  soluble  and  posl- 
translationallv  modified  in  a similar  manner  to  those  expressed  in  mammalian  cells.  In  a 
previous  study,  active  glutamine-fruciosc-6-phosphatc  amidotransferase  (GFAT)  of 


N-terminus  nucleophile  amidotransferase  that  could  be  purified  routinely  by 
anion-exchange  chromatography  (258). 

The  amount  of  protein  produced  by  insect  cells  depends  on  the  efficiency  of  both 
transcription  and  translation,  which  are  influenced  by  a number  of  factors.  Optimization 
of  the  untranslated  leader  region  for  size  and  sequence  has  been  demonstrated  to  result  in 
a more  efficient  expression  (253).  Higher  expression  in  baculovirus  systems  is  achieved 
for  a shorter  distance  between  the  start  codon  and  the  palyhedrili  promoter,  and  when  the 
start  codon  context  is  A_YAUG_Y. 

The  recombinant  human  AS  expressed  in  baculovirus  has  two  C-terminal  tags 
used  for  protein  identification  and  purification.  We  anticipated  that  introducing  these 
additional  amino-acids  at  the  C-terminus  of  hAS  would  have  little  effect  on  the  enzyme 
activity,  especially  given  the  wide  variation  that  is  observed  in  this  region  of  the  protein 
when  the  deduced  primary  structures  for  a variety  of  asparagine  synthetases  are  aligned. 
Based  on  the  mechanism  proposed  for  the  enzyme's  glutantinase  site,  in  which  the 
N-tcrminal  amine  group  functions  as  a general  acid/basc  catalyst  and  is  responsible  for 
the  protonation  of  the  ammonium  leaving  group  from  glutamine,  it  was  anticipated  that 
the  presence  of  amino-acid  residues  at  the  N-terminus.  in  front  of  Cys-I . will  knock-out 


t successfully  expressed  in  baculovirus.  to  yield  amounts  of 


the  glutaminasc  activity.  N'-tcrminal  amino  acid  analysis  of  the  purified,  recontbinat  hAS 
expressed  in  insect  cells  revealed  that  cysteine  vvas  the  first  residue  I Figure  5*6). 
indicating  that  tile  N-terminal  methionine  vvas  properly  processed,  unlike  the  human  AS 
expressed  in  /;.  coli.  The  N-tcrminal  sequence  analysis  was  continued  for  1 5 more  cycles, 
and  the  sequence  vvas  in  exact  agreement  with  the  published  human  AS. 

The  recombinant  baculovirus  was  analyzed  by  sequencing  the  viral  DNA  to 
conlirm  the  presence  of  the  correct  insert  encoding  the  tagged  hAS.  The  amino-acid 
sequence  of  the  purified-  recombinant  human  AS  vvus  examined  by  mass  spectrometry  of 
peptide  fragments  obtained  by  enzyme  trypsinization  (Susan  Abbatiello.  unpublished 
results).  Detection  of  the  tryptic  peptides  of  hAS  has  resulted  in  positive  identification  of 
43%  of  the  primary  sequence  (Figure  4-13).  twenty-five  peptides  being  identified  based 
on  their  predicted  mass.  The  human  AS  primary  sequence  lias  only  one  potential 
N-linked  glycosyiation  site.  Asn-Ser-Trp.  but  the  peptide  containing  it  vvas  identified  os 
not  having  a glvcoform.  Only  one  methionine.  Met-538.  out  of  the  eight  methionines 
present  in  the  identified  peptide  fragments,  vvas  identified  as  being  oxidized  to 
methionine-sulfoxide,  at  least  to  a small  extent. 

To  optimize  the  production  of  human  AS  and  determine  the  best  expression 
conditions,  a series  of  lime  course  experiments  were  performed,  which  showed  that 
optimal  activity  could  be  obtained  by  harvesting  the  cells  approximately  48  h after 
infection.  Recombinant  human  AS  expression  is  under  die  control  of  the  ptilvhalr  in 
promoter  and  high  levels  of  protein  are  expressed  during  the  v ery  late  phase  of  infection. 

experiments  using  anti-e-myc  and  anti-his-tag antibodies,  but  it  did  not  parallel  the 
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profile  of  asparagine  syrnhciase  activity,  which  peaked  about  48  h post-infection.  Most 
probably,  exposure  of  the  recombinant  enzyme  to  medium,  following  insect  cell  death 
and  lysis  caused  by  the  infection  with  virus,  results  in  oxidation  of  cysteine  thiols  and 
accounts  for  the  drop  in  activity  at  longer  expression  times.  The  apparent  strong 
susceptibility  of  the  human  AS  to  oxidation  was  not  surprising  in  view  of  the  instability 
of  this  family  of  enzymes  (50.62.259.250).  When  stored  at  -87°C  in  the  presence  of  1 
mM  dithiothreitol.  AS  purified  from  mouse  pancreas  show  ed  nearly  total  loss  of  the 
ability  to  utilize  L-glutamine  as  amide  donor,  w hereas  utilization  of  ammonia  continued 
unaltered  (261 ).  When  another  enzyme  from  the  N'tn  class  of  amidoiransfcrascs.  human 
GFAT.  was  expressed  in  insect  cells,  enzyme  damage  during  purification  manifested  in 
uncoupling  between  the  glutaminase  and  aminotransferase  activities  for  preparations  that 
have  not  been  fully  protected  from  oxidation  (258). 

Molccularity  of  infection  was  also  an  important  experimental  variable  that  was 
optimized  in  order  to  obtain  active  AS.  A high  molccularity  of  infection  insures 
simultaneous  infection  of  the  insect  cell  culture  and  a peak  of  the  expressed  activity. 

The  recombinant.  C-terminally  tagged  human  AS  was  assayed  for  synthetase 
activity  using  the  standard  pyrophosphate  assay.  These  experiments  showed  that  the 
recombinant  enzyme  could  use  both  ammonia  and  L-glutamine  as  a nitrogen  source  for 
asparagine  synthesis.  In  a different  set  of  experiments,  the  enzyme  showed  the  ability  to 
hydrolyze  L-glutamine  to  L-glutamate.  which  was  quantified  with  a glutamate 
dehydrogenase  assav.  I o avoid  the  possibility  tltai  the  glutamine  was  contaminated  with 
ammonia  formed  during  prolonged  storage,  the  L-glutamine  solutions  used  in  the  kinetic 
experiments  were  freshly  made  from  recryslallizcd  L-glutamine. 


; (62.88.262).  l:o 


of  bacterial  AS-B  shows  Arg-325.  the  residue  homologous  10  Arg-339  in  the  human 
enzyme,  not  making  any  contacts  with  the  p-aspartyl-AMP  intermediate  bound  in  the 
synthetase  site,  the  role  of  this  asparagine  might  be  to  place  other  active  site  residues  in 
the  right  position  for  catalysis.  The  fact  that  the  Arg-339  mutants  retain  their  glutaminase 
activity  suggests  that  the  folding  of  the  N-terminal  domain  is  unchanged,  but  it  does  not 
rule  out  possible  major  conformational  changes  in  the  C-terminal  synthetase  domain.  The 
15%  recovery  of  catalytic  activity  in  the  presence  of  50  tnM  guanidinium  chloride 
showed  for  the  R325K  bacterial  AS  mutant  ( 1 72)  was  not  observed  for  the  R339K  human 
AS  mutant.  It  is  possible  that  if  guanidinium  helped  restore  some  activity  to  the  human 
AS  mutant,  the  extent  of  recovery  was  too  small  to  be  detected. 

Study  of  a hamster  cell  line  that  is  blocked  in  the  G1  phase  of  the  cell  cycle  at  the 
non-permissive  temperature  of  39.5°C  identified  a single-base  mutation  in  the  hamster 
AS  gene,  which  was  translated  in  modification  of  the  highly  conserved  residue 
leucine-41 3 to  phenylalanine.  Cytoplasmic  extracts  of  this  mutated  cell  line  showed  a 
drop  in  asparagine  synthesis  activity  during  incubation  at  39.5°C.  suggesting  that  the 
L41 3F  mutation  made  the  hamster  AS  thermally  unstable.  The  purified  human  AS  L41 3F 
mutant  that  was  expressed  in  insect  cells  had  no  synthetase  activity  over  a 25°C  to  40°C 
temperature  range,  but  retained  the  ability  to  hydrolyze  glutamine.  This  result  might  be 
another  proof  of  this  enzyme's  high  instability.  Apparently,  conservative  modifications  of 
residues  that  are  not  necessarily  in  the  active  site  are  sufficient  to  disrupt  the  asparagine 
synthetase  activity.  Single-point  mutagenesis  studies  of  bacterial  AS-B  identified  residues 
whose  mutations  resulted  in  complete  loss  of  synthetase  activity  (172).  but  were  not  part 


of  the  p-aspartyl-AMP  intermediate  binding  pocket,  as  later  showed  in  the  crystal 


structure  (98). 

Our  mutagenesis  experiments  are  the  first  to  identify  residues  in  human  AS  that 
have  functional  roles  in  the  enzyme's  activities.  The  study  showed  that  mutations  in  both 
the  bacterial  and  human  AS  have  identical  effects,  indicating  that  the  mutated  residues 
play  the  same  role  in  the  reaction  mechanism.  Based  on  sequence  similarity  and  our 
mutacenesis  study . it  is  expected  that  the  structure  of  human  AS  be  analogous  to  that  of 
the  bacterial  enzyme. 


86 


Figure  **-1 . Determination  ot  human  AS  Km  for  ATP.  Each  initial  velocity  was 

determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
ATP  concentrations  tO.1. 0.2. 0.3. 0.4. 0.6. 0.8.  1.2. 1 .6.  and  2.0  mM)  at 


ns  of  other  substrates.  B)  Double-reciprocal  plot  of  data 


[NHJ  (mM) 


Figure  4-2.  Determination  of  human  AS  Kffi  for  Niti  Fach  initial  velocity  was 

determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
NH4*  concentrations  ( 1. 2. 5. 10. 20. 40.  and  80  mM)  at  saturating 
concentrations  of  other  substrates.  B)  Double-reciprocal  plot  of  data  from  A. 


[L-Asp]  (mM) 
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Figure  4-3.  Determination  of  human  AS  Km  for  L-Aspartate.  Each  initial  velocity  was 
determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
Asp  concentrations  (0.5.  I.  2. 4.  8. 12.  and  16  mM)  at  saturating 
concentrations  o I other  substrates.  B)  Double-reciprocal  plot  of  data  from  A. 


(Gin)  (mM) 


Figure  4-4.  Determination  of  human  AS  Km  for  L-Glutaminc.  Each  initial  velocity  was 
determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
Gin  concentrations  (0.31.0.62.  i.25, 2.5,  5, 10. 20.  and  40  mM)  at  saturating 
concentrations  of  chloride  and  other  substrates.  B)  Double-reciprocal  plot  of 
data  from  A. 
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Figure  4-5.  Determination  ofClA/hAS  Km  lor  ATP.  Each  initial  velocity  was  determined 
in  three  parallel  experiments.  A)  Plot  ot' initial  velocities  against  ATP 
concentrations  (0.03. 0.06. 0.12.  0.25. 0.50. 1.0.  and  2.0  mM)  at  saturating 
concentrations  ot  other  substrates.  B)  Double-reciprocal  plot  of  data  from  A. 


Figure  4-6.  Determination  ofClA/hAS  K„  forNlli'.  Each  initial  velocity  was 

determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
NH4'  concentrations  (3. 1.6.2.  12.5.25.  50.  100.  and  200  mMI  at  saturating 
concentrations  ot  other  substrates.  Bl  Double-reciprocal  plot  of  data  from  A. 
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Figure  4-7.  Determination  ofClA/hAS  K,n  lor  L-Aspartate.  Each  initial  velocity  was 
determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
Asp  concentrations  (0.3. 0.6. 1.2. 2.5, 5.0. 10.  and  20  ntM)  at  saturating 
concentrations  of  other  substrates.  B)  Double-reciprocal  plot  of  data  from  A. 
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on  of  CIS/hAS  K„,  for  ATP.  Each  initial  velocity  was  determined 
llel  experiments.  A)  Plot  of  initial  velocities  against  ATP 
ns  (0.03. 0.06. 0. 1 2, 0.25. 0.50.  1 .0.  and  2.0  mM)  at  saturating 
ns  of  other  substrates.  B)  Double-reciprocal  plot  of  data  from  A. 
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Figure  4-9.  Determination  ofCIS/hAS  Km  forNHj".  Each  initial  velocity  was  determined 
in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against  NH4' 
concentrations  (3.1. 6.2.  12.3. 25. 30.  100.  and  200  inM)  at  saturating 
concentrations  of  other  substrates.  B)  Double-reciprocal  plot  of  data  from  A, 
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Figure  4- 1 0.  Deierm  i nation  of  C I S/hAS  Km  for  L- Aspartate.  Each  initial  velocity  was 
determined  in  three  parallel  experiments.  A)  Plot  of  initial  velocities  against 
Asp  concentrations  (0,3. 0.6. 1 .2. 2.5. 5.0. 10.  and  20  mMI  at  saturating 
concentrations  of  other  substrates,  13 1 Double-reciprocal  plot  of  data  from  A. 
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Figure  4-11.  Human  AS  inhibilion  by  ATP  at  concentrations  above  2 mM. 
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Figure  4*12.  Effect  of  chloride  on  glutaminase  activity.  The  concentrations  of  chloride  (as 
NaCI)  and  [.-glutamine  in  the  standard  gl  minase  reaction  mixture  were 
varied  as  shown.  The  glutamate  formed  in  1 5 minutes  was  determined. 


CGIWALFGSDDCLSVQCLSAMK  IAHR  GPDAFR  FENVNGYTNCCFGFHR 
LAWDPLFGMQPIR  VK  K YPYLWLCYNGEIYNHK  K MQQHFEFEYQTK 
VDGEIILHLYDK  GGIEQTICMLDGVFAFVLLDTANK  K VFLGR 
DTYGVRPLFK  AMTEDGFLAVCSERK  GLVTLK  HSATPFLK 
VEPFLPGHYEVLDLK  PNGK  VASVEMVK  YHHCR  DVPLHALYDNVEK 
LFPGFEIETVK  NNLR  ILFNNAVK  K R LMTDR  R 
IGCLLSGGLDSSLVAATLLK  QLR  EAQVQYPLQTFAIGMEDSPDLLAAR 
K VADHIGSEHYEVLFNSEEGIQALDEVIFSLETYDITTVR 
ASVGMYLISK  YIRK  NTDSWIFSGEGSDELTQGYXYFHK  APSPEK 
AEEESER  LLR  ELYLFD  VLR  ADR  TTAAHGLELR 
VPFLDHRFSSYYLSLPPEMR  IPK  NGIEK  HLLRET  FEDSNLIPK 
EILWRPK  EAFSDGITSVK  NSWFK  ILQEYVEHQVDDAMMANAAQK 
FPFNTPK  TK  EGYYYR  QVFER  HYPGR  ADWLSHYWMPK 
WINATDPSAR  TLTHYK  SAVE  AEQK  LISEEDLLEHHHHHH 

Figure  4-13.  Amino-acid  sequence  of  ihe  expressed  human  AS  and  the  expected 

fragments  produced  by  trypsin  digestion.  The  peptides  highlighted  in  blue 
were  identified  by  mass  spectrometry.  The  only  potential  glycosylation  site 
highlighted  in  red  and  was  found  to  have  no  glycosides  attached. 
Melhioninc-538  is  the  only  residue  identified  as  being  oxidized  in  a very  s 


Glutaminase  activity  1.65  3.4  2060 
Glutamine-dependent  1.58  1,04  658 
sviuheiase  activity 


Table  4-3.  Kinetic  constants  of  human  AS  for  L -glutamine  in  the  glutaminase  reaction  at 

various  chloride  concentrations. 

Cl"  L-Glu  K„  kcu  V„,,,  V„,7K„ 

m.M  mM  s'1  nM/s  * 1000/s 


026 

095 

136 

272 

376 
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Carbonate 

Phosphate 

Pyrophosphate 


Not  determined' 


Not  detenu 
Not  dclcrm 
Not  determ 


Phtalale 

Oxalate 

Tartrate 

MgSOr 

ATP 

ATP  * MgSQi 
AMP 

AMP  + MgSOj 
AMP  + PPi  - MgSOr 
L-Asp 

Inhibitor  4 
Inhibitor  4 * MgSOr 


Not  determined* 


Cloudiness  formed  when  the  quenched  reaction  mixture  was  added  over  the 
pyrophosphate  determination  reagent  did  not  allow  reading  of  the  change  in 
absorbance  at  340  nm. 

* These  species  are  already  present  in  the  synthetase  assay  mixture. 
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display  creates  a physical  linkage  between  the  displayed  protein  and  the  viral  DNA. 
allowing  rapid  identification  of  the  primary'  structure  of  selected  proteins  using  DNA 
amplification  and  sequencing.  Phage-based  methods  are  relatively  simple,  and  are 
therefore  an  elegant  strategy  for  identifying  both  linear,  and  conformattonallv  constrained 
peptides  (279.280).  that  possess  high-affinity  for  specific  biological  targets. 

Synthetic  oligonucleotides,  fixed  in  length  but  with  unspecified  codons,  are 
cloned  as  fusions  to  gene  3 of  M13  bacteriophage  where  they  are  expressed  as  a plurality 
of  peptide-capsid  fusion  proteins.  Escherichia  coli  cells  are  transformed  with  the 
modified  phage  DNA  and  a library  of  phage  is  created  in  which  the  N-tcrminus  of  the 
gene  3 protein  (g3p)  in  the  coat  of  each  phage  particle  is  modified  so  that  it  has  an 
additional  peptide  sequence  separated  by  a flexible  linker.  In  this  library,  a single  phage 
expresses  only  a single  variant  peptide  sequence. 

The  random  peptide  libraries  are  tested  for  binding  to  the  target  molecules  of 
interest,  using  a form  of  affinity  selection  known  as  "biopanning"  (281 ).  Affinity 
selection  resembles  in  essence  the  traditional  approach  to  drug  discovery:  screening 
libraries  of  synthetic  compounds  or  natural  products  for  substances  that  bind  the  target 
receptor  and  that  might  therefore  be  leads  to  new  agonists,  antagonists,  or  modulators. 
Affinity  selection  has  the  key  advantage  that  many  structures  can  be  assayed 
simultaneously  and  the  scale  of  the  search  is  many  orders  of  magnitude  greater  than  is 
feasible  when  chemical  libraries  must  be  screened  compound  by  compound. 

The  library  is  first  incubated  with  the  target  molecule  followed  by  the  capture  and 
elution  of  the  bound  phage.  The  phage  recovered  in  this  manner  are  then  amplified  and 
again  selected  for  binding  to  the  target,  thus  enriching  for  those  phage  that  bind.  The 
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phage  panicles  are  then  isolaied  in  individual  clones  and  the  phage  DNA  encoding  the 
modified  gill  fusion  proicin  is  analyzed  lo  deduce  the  primary  sequence  of  the  peptide 
that  was  selected.  Pure  peptides  with  the  sequences  revealed  from  the  phage  display 
procedure  can  then  be  synthesized  and  fully  characterized  for  the  desired  biological 

Peptides  can  be  displayed  as  gene  3 fusions  either  by  cloning  directly  within  the 
phage  genome  or  by  cloning  into  gene  3 present  within  a phagemid.  The 
"phagemid-display"  system  requires  rescue  with  a helper  phage  (282).  Since  the  phage 
particles  derived  in  this  way  will  display  g3p  from  both  the  wild-type  gene  3 of  helper 
phage  and  the  fusion  gene  3 from  the  resident  plasmid,  the  method  is  termed  monovalent 
display.  This  is  in  contrast  to  display  of  g3p  fusions  encoded  within  the  phage  genome 
itself,  where  all  g3p  molecules  are  present  as  fusions,  in  the  technique  known  as 
multivalent  display  (235).  It  has  been  shown  that  display  of  fusions  in  a system  with  only 
one  gene  3.  as  occurs  with  phagc-displav  vectors,  will  give  poorer  discrimination 
between  binding  affinities  than  phagemid  systems  using  one  fused  and  one  wild-type 
gene  3 (280).  Phage-display  vectors  produce  multivalent  phage,  which  prevents 
separation  of  high-affinity  peptides  front  low-affinity  peptides  due  to  the  apparent 
increased  binding  capacity  of  low-affinity  clones  binding  cooperatively.  In  a published 
study,  variants  of  growth  hormone  were  not  readily  discriminated  according  to  receptor 
binding  affinities  in  a polyvalent  system.  However,  they  were  discriminated  in  the 
monovalent  system,  allowing  for  consistent  selection  of  higher  affinity  variants  in 
randomized  libraries  of  the  protein  (283). 


The  quality  of  the  target  against  which  phage  are  selected  is  important  in  several 
aspects.  The  target  should  be  relatively  pure  or  consideration  must  be  given  to 
diflerenuaie  between  clones  that  bind  the  target  from  those  that  interact  with 
contaminants  in  the  binding  reaction.  The  target  must  also  retain  activity  during  affinity 
punlication  of  binding  phage. 

Affinity  selection  of  binding  phage  from  phage-displayed  random  peptide 
libraries  has  been  performed  using  two  fundamentally  different  approaches.  One 
approach  entails  incubating  phage  libraries  with  pre-immobilized  target  such  that  binding 
phage  are  temporarily  immobilized  onto  solid-phase  while  nonbinding  phage  are  washed 
away.  The  alternative  approach  entails  incubating  library'  phage  with  target  in  solution 
and  subsequently  capturing  binding  phage-target  complexes  onto  solid  phase  and 
washing  away  nonbinding  phage.  Because  phage-displayed  random  peptide  libraries 
express  multiple  peptides  per  phage,  affinity  purification  with  immobilized  target  may 
afford  multivalent  attachment.  Alternatively,  solution  binding  with  monovalent  target 
avoids  multivalent  attachment,  thereby  enhancing  discrimination  of  high  affinity'  binding 
clones  during  affinity  purification.  In  the  solution  phase  binding  approach,  the  effective 
concentration  of  the  target  may  be  more  closely  controlled  and  outcome  may  be  more 
predictable  by  the  laws  of  mass  action  (284). 

Elution  of  phage  from  the  target-phage  complex  is  an  important  aspect  of  screening 
phage-displayed  random  peptide  libraries.  Generally,  bound  phage  are  eluted  with  drastic 
pH  changes  (i.e.  glycine-HCl,  pH  2;  ethanolamine.  pH  12),  which  result  in  target  or 
peptide  denaturation  without  loss  of  phage  infeettvity.  Phage  may  also  be  recovered  by 
competitive  elution  from  receptors  with  natural  or  synthetic  ligands  (285). 


One  round  of  affinity  purification  with  an  immobilized  target  typically  results  in  a 
'1 03-fold  enrichment  of  binding  over  non-binding  phage  (286)-  Thus,  three  rounds  of 
affinity  purification  arc  generally  sufficient  for  the  isolation  of  binding  phage  from 
libraries  with  complexities  smaller  than  1 09.  However,  rates  of  enrichment  will  vary  from 
target  to  target  and  this  must  be  taken  into  account  when  deciding  on  the  number  of 
rounds  of  affinity  purification  to  perform.  Usually,  three  to  four  rounds  of  selection  arc 
performed  leading  to  the  isolation  of  one  to  thousands  of  binding  phage. 

After  each  panning  round,  the  selected  phage  are  propagated  by  infecting 
Escherichia  coil  cells.  The  number  of  phage  particles  representing  any  given  binding 
clone  that  are  recovered  from  the  first  round  of  panning  is  reduced  to  the  point  that 
binding  clones  may  be  lost  if  subjected  to  a second  round  of  selection  without  intervening 
amplification.  Amplification  normally  results  in  a I05  to  lO’-fold  increase  in  the  titer  of 
any  given  clone  from  the  previous  round  of  affinity  purification.  This  amplified  titer  is 
generally  sufficient  to  allow  two  subsequent  rounds  of  affinity  purification  without 
intervening  amplification.  Phage  amplification  may  be  performed  in  culture  dishes  or  in 
liquid  culture.  Liquid  culture  can  accommodate  a higher  amount  of  input  phage  ( 1 0° 
pfit/mL  culture)  than  amplification  on  plates  ( 104  pfii/IOO-mm  plate).  Amplification  on 
plates,  however,  has  the  advantage  of  minimizing  effects  of  growth  or  infectivity  biases 
on  the  representation  of  different  phage  clones  (287). 

Once  recombinants  have  been  characterized  from  phage  display  libraries,  it  is 
often  useful  to  construct  and  screen  a second-generation  library  that  displays  variants  of 
the  selected  or  consensus  sequences.  Selective  enrichment  of  stronger  binding  phage  can 
be  accomplished  by  screening  with  lower  target  concentrations.  It  is  possible  to  include  a 
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low  concentration  of  binding  competitor  in  the  wash  buffer  to  select  for  phage  that  hove 
the  slowest  off-rate. 

Panning  of  the  Phage  Display  Library  against  EGFR-ED 
Materials  and  Methods 
lodination  of  human  TGFa 

Radioactive  labeling  of  hTGFa  was  accomplished  using  the  chloramine-T  method, 
with  the  iodination  reagent  immobilized  on  a polystyrene  support  known  as  lodo-Bead 
(Pierce  Biotechnology.  Rockford.  II.)  (288).  200  pL  reaction  buffer  ( 1 0 mM  NaH-POr. 
0.5  M NaCl.  pH  7.4).  10  pL  :il-Nal  solution  containing  I milliCurie  of  l!sl  (Amersham 
Biosciences),  and  one  lodo-Bead  were  placed  in  a siliconized  vial  and  incubated  at  room 
temperature  for  5 min  with  stirring,  5 pg  of  human  TGFa  dissolved  in  20  pL  buffer  were 
added  and  allowed  to  stir  for  1 0 min  at  room  temperature.  The  reaction  mixture  was 
applied  to  a G- 50  Scphadex  (Pharmacia)  column  prcequilibrated  with  10  mL  reaction 
buffer  containing  0.1%  bovine  serum  albuminc(BSA),  0.055k  Tween-20  and  washed 
with  25  mL  reaction  buffer.  Elution  was  done  with  the  same  reaction  buffer  and  40  drop 
tractions  were  collected.  2 pL  from  each  fraction  were  counted  in  a v-counter  and  the 
fractions  containing  the  peak  activity  were  pooled. 

Binding  of  l:<l-TGFu  to  EGFR-ED 

5 pL  of  l!sl-labclcd  TGFa  were  mixed  with  increasing  concentrations  of  unlabelcd 
TGFa  and  20  ng  of  biotinylated  EGFR-ED  in  0. 1 M Tris-HCL  pH  7.6  buffer  to  make  a 
total  volume  of  500  pL.  The  solutions  were  incubated  at  room  temperature  for  30  min 
and  ligand-receptor  complexes  were  precipitated  by  adding  300  pL  of  2 mg/mL  y- 
globulin  and  200  pL  of  50%  polyethylene  glycol  (PEG).  After  incubating  on  ice  for  30 
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min.  the  solutions  were  centrifuged  at  top  speed  and  4°C  for  1 5 min.  The  supernatant  was 
removed  by  aspiration  and  pellets  were  counted  with  a y scintillation  counter. 

Solution  panning  of  phage  library  against  EGFR-ED 

The  phage  display  library  Ph.D.-l2  (New  England  Biolabs)  was  panned  against  the 
biotinylated,  histidine-tagged  EGFR-ED  in  three  rounds  of  selection  and  amplilication. 

10  pL  of  phage  library  containing  4*  10"’  plaque  forming  units  (pfu)  were  mixed  with  4 
pg  of  EGFR-ED.  diluted  in  Tris-buffcred  saline  (SO  mM  Tris-MCl.  ISO  mM  NaCI.  pH 
7.5)  with  0.1%  (v/v)  Tween-20  (TBST)  to  a total  volume  of  200  pL.  and  incubated  at 
room  temperature  for  I h. 

25  pg  Ni-NTA  agarose  (QIAGEN)  or  10  pL  immobilized  avidin  gel. 
preequilibrated  with  5 mg/mL  BSA.  0.1  M NaHCOj,  pH  8.6  buffer  to  block  non-specific 
binding,  were  washed  4 times  with  TBST  buffer  and  added  over  the  phage-receptor 
solution.  After  incubating  at  room  temperature  for  30  min.  the  gel  was  washed  10  times 
with  500  pL  TBST  buffer.  The  captured  phage-receptor  complexes  were  eluted  with  500 
pL  elution  buffer  (0.2  M glycinc-HCl.  I mg/mL  BSA.  pH  2.2)  by  incubating  10  min  at 
room  temperature.  The  eluted  phage  solution  was  neutralized  with  75  pL  of  IM  Tris-HCI 
buffer.  pH  9. 1 . and  1 0 pL  were  used  to  determine  the  phage  titer  in  a plaque  assay. 

The  eluted  phage  was  amplified  by  adding  it  over  20  mL  of  mid-log  phase 
Escherichia  coli  Nava  Blue  cells  and  incubating  at  37°C  with  vigorous  shaking  for  4.5  h. 
The  cells  were  separated  by  centrifugation  for  10  min  at  10.000  rpm  and  4°  in  a Sorvnll 
SS-34  rotor.  The  supernatant  was  transferred  to  a fresh  tube  and  re-spun.  The  upper  80% 
of  the  supernatant  was  transferred  to  a fresh  tube  and  the  phage  was  precipitated  by 
incubation  at  4°C  for  2 h after  adding  1/6  volume  of  20%  PEG.  2.5  M NaCI.  The  PEG 


precipitation  was  centrifuged  15  tnin  at  10.000  rpm  and  4°C,  the  supernatant  was 
decanted,  and  the  phage  pellet  was  resuspended  in  1 ntL  Tris-buffered  saline  (TBS).  The 
titer  of  the  amplified  phage  was  determined  in  a plaque  assay. 

The  following  panning  rounds  were  performed  with  alternating  capturing  agent,  in 
identical  conditions,  except  for  the  buffer  used  in  the  binding  and  washing  steps,  which 
was  substituted  with  TBS  containing  0.5%  (v/v)  Tween-20. 

Phage  titering  was  done  by  infecting  200  pi.  of  mid-log  phase  Escherichia  coli 
Nava  Blue  cultures  with  10  ul.  of  serially  diluted  phage  solutions.  The  dilution  range  of 
the  amplified  phage  was  10*  to  1 0 1 1 . while  the  eluted,  unamplified  phage  was  diluted  101 
to  !04  fold.  Afier  incubating  the  cell  and  phage  mixtures  tor  5 min  at  room  temperature, 
the  infected  cells  were  transferred  over  3 mL  of  melted  agarose  top  ( 10  g/l 
bacto-iryptone.  5 g/l  yeast  extract.  5 g/l  NaCI.  1 g'l  MgCI;-6HjO.  7 g/i  agarose) 
prewarmed  to  45°C  and  immediately  poured  onto  LB  plates.  Plates  were  allowed  to  cool 
5 min  at  room  temperature,  inverted  and  incubated  overnight  at  37°C.  Next  day.  the 
plates  were  inspected  and  plaques  on  plates  having  less  than  100  plaques  were  counted. 

After  the  last  panning  round,  individual  phage  plaques  were  amplified  and  the 
phage  DNA  was  purified.  Well-isolated  plaques  were  picked  from  titration  plates  and 
transferred  to  tubes  containing  1 mL  of  an  Escherichia  coli  overnight  culture  diluted 
1:100  with  fresh  LB  medium.  Tubes  were  incubated  at  37°C  with  shaking  for  5 h and 
cells  were  separated  by  centrifugation  for  2 min  at  top  speed.  0.5  mL  of  phage-containing 
supernatant  were  transferred  to  fresh  tubes,  200  pL  of  20%  PEG.  2.5  M NaCI  was  added, 
mixed  and  allowed  to  stand  at  room  temperature  for  10  min.  The  precipitated  phage  was 
centrifuged  10  min  at  top  speed,  supernatant  was  removed  and  pellet  was  resuspended  in 


100  pL  iodide  buffer  ( 10  mM  Tris-HCl.  1 mM  EDTA.  4 M Nal.  pH  8.0).  250  pL  ethanol 


was  added  and  the  mixture  was  incubated  for  10  min  at  room  temperature.  The 
precipitated  single-stranded  phage  DNA  was  separated  by  cenlrifug  "ion.  washed  with 
70%  ethanol,  briefly  dried  under  vacuum,  and  suspended  in  30  pi  TE  buffer  ( 1 0 mM 
Tris-HCl.  I mM  EDTA.  pH  8.0). 

Competition  binding  assay 

Peptide  binding  to  receptors  on  MDA-231  cells  and  displacement  of  l2iI-EGF  was 
performed  in  24-well  plates  containing  approximately  10.000  cells/well  grown  in 
Dulbecco's  modified  Eagle's  medium  (DMEM)  supplemented  with  calf  serum  to  10% 
(v/v).  Cells  were  washed  twice  with  phosphate-buffered  saline  (PBS)  containing  I 
mg/mL  bovine  serum  albumine  (BSA)  and  200  pL  of  buffer  containing  l25l-labeled  EGF 
was  added  to  each  well  along  with  200  pL  of  buffer  containing  increasing  concentrations 
of  cither  uniabeled  EGF  or  synthetic  peptides.  The  final  concentration  of  l2sI-EGF  in  the 
assay  mixture  was  approximately  50  pM.  After  incubation  for  1 h at  37°C,  the  wells  were 
washed  twice  with  PBS-BSA  and  the  cells  solubilised  with  I mL  of  I M NaOH  solution. 
The  radioactivity  was  measured  with  a y scintillation  counter. 

Cell  proliferation  assay 

The  effects  of  EGF  and  synthetic  peptides  on  the  growth  rate  of  human  skin 
fibroblasts  were  determined  colorimetrically  with  Promcga's  CellTiicr  96  Aqueous  Non- 
Radioactive  Cell  Proliferation  Assay.  Human  skin  fibroblasts  were  seeded  in  96-well 
plates  and  grown  in  DMEM  containing  10%  calf  scrum  (v/v).  When  cells  reached  -50% 
confluency,  medium  was  discarded  and  replaced  with  serum-free  DMEM  to  stop  cellular 
growth.  Quiescent  cells  which  have  been  held  in  scrum-free  DMEM  for  two  days  were 


grown  for  72  hours  in  100  pL  of  serum-free  medium  containing  various  amounts  of  EGF, 
synthetic  peptides,  or  a mixture  of  both.  20  pL  of  aqueous  solution  containing 
(3-(4.5-dimethylihiazol-2-yl)-S-(3-carboxymethoxyphen>i)-2-(4-sulfophcnyl)-2H- 
tetrazolium  inner  salt  and  phenazine  mcthosulfate  were  added  in  each  well  and  the  plates 
were  incubated  at  37°C  for  3 hours.  Light  absorbance  at  490  nm  was  determined  with  on 
ELISA  plate  reader. 

The  extracellular  domain  of  EGFR  was  expressed  in  a baculovirus  system  and 
purified  by  metal  chelation  chromatography  based  on  a C-terminal  histidine  tag.  The 
pure,  homogenous  receptor  was  biotinylated  and  its  aflinity  for  the  human  EGF  was 
determined  in  a competition  binding  assay.  The  soluble  receptor  was  incubated  with 
’’^-labeled  EGF  and  increasing  concentrations  of  untahelcd  ligand.  The  competition 
binding  curve  fits  the  theoretical  expectations  for  a dissociation  equilibrium  constant 
Ka=IO*M  (Figure  5-1). 

A 1.9  x HZ'  peptide-sequence  library,  muilivalcntly  expressed  on  the  surface  of 
bacteriophage,  was  screened  against  the  biotinylated  EGFR-ED.  The  histidine  tag  at  the 
C-terminus  of  the  EGFR-ED  and  the  biotin  label  were  used  to  separate  the  target  protein 
out  of  the  panning  solution  together  with  the  selected  bound  phage.  Three  panning  rounds 
were  performed  by  capturing  the  target-phage  complexes  alternatively  with  immobilized 
avidin.  Ni-agnrose.  and  again  avidin.  Stringency  of  selection  in  the  three  consecutive 
panning  rounds  was  risen  gradually,  by  increasing  the  Tween-20  concentration  in  binding 
and  washing  buffers  from  0.1%  in  the  first  round  to  0.5%  in  the  next  rounds.  The  number 
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of  phage  added  and  eluied  in  each  round  was  tillered  and  the  results  are  shown  in  Table 
5-1. 

Phage  clones  selected  in  the  last  round  were  amplified  and  the  displayed  peptides 
were  identified  by  sequencing  the  coding  DNA  (Figure  5-2).  Two  of  these  peptides,  one 
with  no  histidine  residues  and  one  with  high  histidine  content  (Figure  5-3).  were 
synthesized  and  tested  for  their  ability  to  bind  the  EGFR  and  stimulate  cellular  growth. 
Competition  binding  assays,  where  increasing  amounts  of  peptides  were  incubated  with 
IJS1-EGF  and  EGFR.  showed  that  the  amount  of  bound  radioactive  ligand  decreased  as 
the  peptide  concentration  increased,  indicating  that  peptides  compete  with  the  natural 
ligand  for  binding  to  receptor  (Figures  5-4  and  5-5).  A parallel  negative  control  with  a 
random  peptide  showed  no  displacement  of  the  '"l-FGF  bound  to  the  receptor.  The 
apparent  dissociation  constants  determined  by  curve  fitting  the  experimental  data  to  a 
one-site  competition  binding  model  were  50  pM  for  both  selected  peptides. 

The  effects  that  peptides  have  on  the  growth  and  stimulation  of  human  cells  were 
determined  in  a cell  proliferation  assay  with  cultured  human  skin  fibroblasts.  This  cell 
line  responds  to  the  presence  of  growth  factors  in  culture  medium  by  increasing  their 
growth  and  multiplication  rate.  Quiescent  cells,  obtained  by  subculturing  normally 
dividing  cells  under  medium  without  scrum  or  growth  factors,  were  incubated  with 
serum-free  medium  supplemented  with  various  amounts  of  TGFa  or  peptides.  After 
incubation  for  72  hours  at  37°C.  the  amounts  of  metabolically  active  cells  were  assessed 
with  a non-radioactive  assay  that  measures  the  change  in  light  absorbance  at  490  nm  due 
to  enzyme-catalyzed  reduction  of  a tctrazolium  salt.  The  results  were  plotted  in  the  form 
of  light  absorbance  at  490  nm  versus  ligand  concentration  (Figure  5-6).  The  EC-50  value 


for  TGFa.  which  is  ihc  amount  of  TGFa  required  to  reach  half  the  maximal  growth  rate, 
was  estimated  at  10'"  M. 

In  order  to  determine  the  effects  of  peptides  on  TGFa-induced  cell  proliferation,  a 
similar  experiment  was  performed,  in  which  quiescent  human  skin  fibroblasts  were 
grown  in  serum-free  medium  containing  a fixed  amount  ofTGFa  (10'"  M)  and 
increasing  concentrations  ol  peptides  (Figure  5-7).  Addition  of  peptide  1 to  the  cell 
culture  medium  reduced  the  cellular  growth  rate  induced  by  TGFa.  revealing  that  (his 
peptide  has  a TGFu-amagonistic  activity.  The  rich-histidine  peptide  2 and  the  random 
peptide  3 did  not  show  any  noticeable  competition  effect  on  the  cell  growth  rate. 
Discussions 

Short  synthetic  peptides  that  interact  with  biologically  active  molecules  can  be  the 
basis  for  development  of  specilic  chemical  structures  that  interfere  with  the  function  of 
target  molecules.  The  use  of  libraries  of  random  peptides  expressed  on  filamentous  phage 
has  proved  to  be  an  efficient  method  to  identify  ligands  for  antibodies  (289).  cellular 
receptors  (290),  or  enzymes  (291.292).  In  the  present  study,  a 12-mer  random  peptide 
library  displayed  on  bacteriophage  Ml  3 wus  employed  to  identify  peptides  that  interact 
spccificallv  with  the  extracellular  domain  of  EGFR.  The  Ph.D.-12  peptide  library' consists 
of  1 .9  x 1 09  electroporated  sequences,  amplified  once  to  yield  on  average  20  copies  of 
each  sequence  in  10  pi.  of  library.  The  displayed  peptide  12-mcrs  arc  expressed  directly 
at  thcN-terminusofglll  protein,  i.e.  the  fiist  residue  of  the  mature  protein  is  the  first 
randomized  position.  The  peptide  is  followed  by  a short  spacer  (Gly-Gly-Gly-Ser)  and 
the  w'ild-type  pill  sequence. 
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This  library  was  screened  against  biotinylated  EGFR-ED  expressed  in  baculovirus 
and  purified  by  metal  chelation  chromatography.  The  baculovirus  expression  system  is 
known  to  produce  correctly  folded  and  post-iranslaiionally  modified  proteins.  The 
EGFR-ED  was  expressed  in  a secreted,  soluble  form,  flanked  by  six  histidines  at  the 
carboxyl  terminus.  The  expression  system  and  the  purification  method  based  on  metal 
chelation  chromatography  on  Ni-agarosc  yielded  a pure  and  homogeneous  protein,  as 
shown  by  SDS-PAGE  analysis  (Figure  3-12). 

The  biotinylated  EGFR-ED  bound  the  EGF  ligand,  as  determined  in  competition 
binding  assays,  with  an  apparent  dissociation  constant  of  1 O’*  M (Figure  5- 1 ).  The 
affinity  of  the  EGFR-ED  expressed  in  insect  cells  for  EGF  is  approximately  100-fold 
lower  than  that  of  the  cell  surface  receptor  (293).  but  it  is  in  good  agreement  with  the 
values  reported  for  the  EGFR-ED  expressed  in  insect  cells  ( 1 87)  or  COS  cells  (294.295). 
Previous  studies  of  the  EGFR  expressed  in  insect  cells  showed  that  decrease  in  ligand 
affinity  occurred  during  protein  solubilization  and  purification.  The  receptor  expressed  on 
the  surface  of  intact  infected  insect  cells  bound  l2'*I-EGF  with  a Ka  of  2 ' I0*v  M.  while 
the  apparent  binding  constant  fell  to  2 * I O'*  M upon  receptor  purification  (296).  The 
physical  basis  for  this  affinity  change  is  not  known.  It  is  possible  that  the  local 
environment  of  the  receptor  in  the  cellular  membrane  affects  the  conformation  of  the 
receptor-binding  site  such  that  it  has  a higher  affinity.  Unfortunately,  the  recently 
determined  crystal  structures  of  the  EGFR-ED/ligand  complexes  do  not  provide  any 
information  about  the  possible  effects  of  membrane  anchorage  on  ligand  binding,  as 
domain  IV.  the  last  extracellular  domain  before  the  transmembrane  region  is  not  visible. 


The  histidine  tag  at  the  C-lerminus  of  the  EGFR-ED  and  the  biotin  label  were 
used  to  separate  the  target  protein  out  of  the  panning  solution  together  with  the  selected 
bound  phage.  Three  panning  rounds  were  performed  by  capturing  the  target-phage 
complexes  alternatively  with  immobilized  avidin.  Ni-agarose.  and  again  avidtn. 
Stringency  of  selection  in  the  three  consecutive  panning  rounds  was  risen  gradually,  by 
increasing  the  Twccn-20  concentration  in  binding  and  washing  buffers  from  0.1%  in  the 
first  round  to  0.5%  in  the  next  rounds.  The  number  of  phage  ndded  and  eluted  in  each 
round  was  tittered  and  the  results  are  shown  in  Table  5- 1 . The  increase  in  phage  retention 
yield  observed  in  the  last  selection  round  suggests  enrichment  of  the  library  for 
target-binding  phage.  The  phage  that  eluted  in  the  last  panning  round  was  purified, 
individual  clones  were  amplified,  and  their  DNA  was  analyzed  to  determine  the 
sequences  of  displayed  peptides  < Figure  5-2). 

The  phage  selection  strategy  does  not  require  any  information  concerning  the 
structure  of  the  target  molecule,  the  EGFR-ED.  Theoretically,  by  using  this  selection 
method  and  a random  peptide  library',  we  could  have  selected  peptides  that  bind  to  any 
site  of  the  EGFR-ED  and  not  necessarily  to  the  site  that  interacts  with  the  natural  ligand. 
In  previous  studies,  peptides  identified  by  screening  phage-displayed  libraries  with 
purified  ligand-binding  molecules  were  shown  to  compete  with  the  natural  ligands  for 
binding  (297.298).  suggesting  that  during  selection,  the  peptide-bearing  phage  are  more 
likely  to  bind  to  a ligand-binding  site  than  to  a structural  portion  of  the  target  molecule. 

Visual  analysis  of  the  amino-acid  sequences  of  identified  peptides  reveals  a 
highcr-than-expected  occurrence  of  histidine  residues.  Assuming  that  the  original  random 
library  was  unbiased,  the  high  histidine  content  raises  the  possibility  that  phage  was 
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selected  for  binding  to  Ni2*  ions  that  could  possibly  contaminate  the  EGFR-ED  by 
chelating  to  the  C -term  ins  1 6-histidine  tag  in  the  Ni-agarose  purification  step. 

Tentative  alignment  of  the  phage-selected  peptides  did  not  identify  any  consensus 
sequence.  It  was  difficult  to  align  all  the  bacteriophage-derived  sequences  with  each 
other,  and  especially  with  the  EGF  or  TGFcx.  This  result  was  not  surpris  incc  the 
bacienophaae  peptides  are  linear  and  the  ligand's  binding  region  is  discontinuous. 

Two  of  the  peptides  identified  by  phage  display,  one  containing  no  histidine  and 
one  with  four  histidines  (Figure  5-3).  were  synthesized  and  evaluated.  The  peptide  with 
high  histidine  content  was  expected  to  have  been  selected  by  phage  binding  to  Ni'* 
contaminants.  Surprisingly,  both  peptides  were  able  to  compete  in  some  extent  with 
radio-labeled  EGF  for  binding  to  the  EGFR.  While  the  apparent  dissociation  constants 
were  approximately  50  pM  for  both  peptides,  only  peptide  1.  the  peptide  with  no 
histidine,  was  able  to  completely  displace  the  ,25I-EGF  bound  to  EGFR  (Figures  5-4  and 
5-5).  A negative  control  showed  that  a random  1 8-residue  peptide  did  not  compete  with 
i3!I-EGF  for  binding  to  the  EGFR. 

Affinity  of  the  synthetic  peptides  for  EGFR  is  more  than  three  orders  of  magnitude 
lower  than  that  of  the  natural  ligand's.  Selection  of  phage  bearing  low  affinity  peptides 
could  be  the  result  of  polyvalent  interactions  between  phage  and  the  biotinylated 
receptor. 

Phage  were  isolated  by  a two-step  process  in  which  the  pool  of  phage  was  first 
incubated  with  biotinylated  receptor  in  solution,  followed  by  a second  incubation  of  the 
mixture  with  the  avidin  coated  resin.  Considering  that  phage  binding  is  a reversible, 
dynamic  equilibrium,  it  is  impossible  to  know  whether  the  phage  is  selected  by  binding  to 


the  reeeplor  or  to  the  capturing  solid  support.  Alternation  of  the  capturing  agents  between 
rounds  should  select  against  the  phage  that  bind  to  the  solid  support. 

It  is  possible  that  by  using  longer  synthetic  peptides  derived  from  phage  libraries 
with  longer  inserts  or  by  extending  the  12-mer  peptide  at  both  ends  with  conformation 
constraining  cysteine  residues,  peptides  with  higher  affinities  for  the  receptor  could  be 

intrinsic  limitation  and  may  represent  the  best  result  one  can  get  in  this  system  for  a 
randomly  designed  peptide,  completely  unrelated  to  the  natural  ligand's  structure. 

The  effect  of  the  two  selected  peptides  on  proliferation  of  human  shin  librobiasls 
was  investigated.  While  increase  in  cell  growth  rate  was  evident  for  concentrations  of 
TGFa  as  low  as  10*1"  M.  concentrations  of  peptides  up  to  1 00  uM  did  not  stimulate  the 
proliferation  of  human  skin  librobiasls.  To  determine  whether  the  peptides  have  any 
effects  on  the  TGFu-induccd  cell  stimulation,  a similar  assay  was  performed,  in  which 
quiescent  cells  were  preincubated  with  peptides  for  1 2 hours  before  adding  the  growth 
factor  to  I O'11  M final  concentration  (Figure  5-7).  Peptide  I in  a concentration  of  1 O'1  M 
slightly  decreased  the  rate  of  cell  proliferation  induced  by  TGFa.  while  peptide  2 and  the 
random  peptide  3 showed  no  conclusive  effects.  The  results  sugest  that  peptide  I is  a 
weak  TGFa  antagonist,  but  the  rich-histidine  peptide  2 is  neither  antagonist  nor  agonist. 
Although  both  selected  peptides  competed  with  TGFa  for  binding  to  the  receptor,  they 
did  not  show  a similarly  strong  effect  on  growth-factor-induccd  cell  proliferation.  The 
proliferation  assay  employs  living  cells  which  are  known  to  recycle  their  receptors 
through  internalization  followed  by  hydrolysis  of  the  bound  ligand  and  transfer  of  the 
free  receptor  back  to  the  cellular  surface.  This  process  may  result  in  degradation  of  the 


binding  peptide  during  the  lengthy  proliferation  assay.  The  effects  that  the  active  peptide 
1 has  on  cell  proliferation  are  small.  A more  substantial  effect  on  TGFa  mitogenicily  will 
require  compounds  resistant  to  degradation  and  with  binding  affinities  comparable  to  the 
natural  ligand's.  Search  of  peptides  with  improved  affinities  can  employ 
second-generation  libraries  of  constrained  or  biased  sequences  derived  from  those 


identified  in  this  study. 
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Table  5-1.  Amount  of  phage  (plaque  forming  units)  selected  in  three  consecutive  panning 
rounds  against  EFDR-ED. 


Round Added  phage  _ 1: lined  phage  Selection  yield 

2 6.0-10"'  4.0»l0i  6.7-1  O’6 

3 2.0-10'° 2.3-10° U-IO^ 


Figure  5-2.  Sequences  of  seventeen  peptides  selected  by  panning  a random  1 2- 
phage-displayed  library  against  EGFR-ED. 


Peptide  3 (negative  control) 

Giy  Val  Xlu  Asn  Glu  Pro  Glu  Arg  Tre  Gly  Gly  Gin  Cys  Phe  Thr  Gly  Arg  Arg 

Figure  5-3.  Sequences  of  the  peptides  that  were  synthesized  and  characterized. 


Figure  5-4.  Displacement  of  ,:1SI-EGF  from  MDA-231  cells  by  synthetic  peptide  I. 
Plotted  values  are  average  results  of  four  separate  experimental  runs. 

A)  Competition  binding  curve.  B)  Scatchard  plot  derived  from  the  binding 


Figure  5-5.  Displacement  of  *25I-EGF  from  M DA-231  cells  by  synthetic  peptide  2. 
Plotted  values  are  average  results  of  four  separate  experimental  runs. 

A)  Competition  binding  curve.  B)  Scatcbard  plot  derived  from  the  binding 
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logfTGFa] 

Figure  5-6.  Effect  of  TGFct  on  proliferation  of  human  skin  flbroblats. 
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Figure  5-7.  Effect  of  synthetic  peptides  on  TGFct-induced  cell  proliferation  at  10'"  M 
TGFa. 
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Figure  5-7.  Effect  of  synthetic  peptides  on  TGFa-induced  cell  proliferation  al  10'11  M 
TGFa- 
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